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ABSTRACT
Laser-induced damage (LID) limits the performance of optical films and surfaces.
Despite intensive study for decades following the invention of laser, the study of LID
remains timely and attractive, because for nanosecond laser pulses the LID process
is controlled by randomly distributed defects of unknown origin.
Traditional damage tests yield little information about the defects present in optical films and surfaces. These methods record a “yes” or “no” damage result after
each test and cannot distinguish the different defects present.
This dissertation focuses on the development of a new kind of laser-induced damage test that measures the actual fluence (intensity) at which damage is initiated
in each test. This technique works by identifying the initiation both spatially and
temporally. The technique is dubbed Spatially-TEmporally REsolved Optical LaserInduced Damage (STEREO-LID).
In this dissertation, the use of this new technique to study LID in optical films will
be shown. First, it will be shown how the spatial and temporal information is recorded
during a single damage event. Second, STEREO-LID will be compared to the ISO

vi

standard for damage characterization through a combination of experimental results
and Monte Carlo simulations. Third, it will be shown how the statistics of repeated
damage fluence measurements can be used to retrieve the defect density distribution
function, which characterizes the areal density of defects in the optical coating as a
function of damage fluence. Finally, the processes that occur after damage initiation
and lead to the formation of ablation craters will be explored through modeling
of transmission data obtained during STEREO-LID characterization of an optical
coating.
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speckle on the scattered beam image. . . . . . . . . . . . . . . . . . .
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(a) Microscope image of scattering light from sample surface below
the damage threshold. The image is an average of 9 nearby locations
(30 µm spacing) in order to reduce laser speckle. (b) Integral of the
image over y direction show the beam profile in x direction. By fitting
with Gaussian profile, the beam center and waist can be obtained. (c)
Integral of the image over x direction. . . . . . . . . . . . . . . . . . .
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(a) Imaging system to level the substrate to within 5 µm. The system makes an image of a test pattern (a lithographic grating) into the
eyepiece using the sample as a mirror. A microscope objective with
numerical aperture focuses the light onto the sample surface and collects the reflected light. The image in the eyepiece is only sharp when
the sample surface is within roughly 5 µm of the objective focus. By
tilting the sample such that the image is sharp for any position of the
sample, then the surface is aligned to the direction of the sample translation. (b) the effect of sample tilt with respect to the translation axis.
If the sample surface (dashed line) is not parallel to the translation
axis (solid line) then as the sample is moved the sample plane moves
with respect to the laser focus (red arrow). This results in a shift of
the beam spot in the in situ microscope image. . . . . . . . . . . . . .
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4.5

(a) Schematic diagram of set up for beam profiler to monitor and correct the beam shift from pulse to pulse. L1 is a 1000 mm lens to focus
the beam into the beam profiler and L2 is a 200 mm lens to focus the
beam on the sample surface for damage test. Because of this difference
in the focal lengths, the shift of the beam in the beam profiler is 5
times greater than the actual shift of the beam on the sample surface.
(b) One example image of beam profiler at the focus of 1000 mm lens.
(c) Data points represent the single pulse beam center of beam profiler
images. The root-mean-square of beam position is about 4 µm. . . .
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Relationship between the damage initiation time td and the damage intensity and fluence. The red line shows an example transmission curve
obtained during a STEREO-LID measurement. The black dashed line
is the reference pulse. The intensity I(td ) is the intensity at beam center when the damage occurs. F (td ), the fluence at beam center when
the damage occurs, is the integral of the curve up to td . . . . . . . . .
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(a) STEREO find initiation position (xd ,yd ) of every test site with one
single pulse; (b) Correct the F (td ) and I(td ) with the Gaussian position
factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Diagram of how STEREO-LID measurement get the probability of
damage on certain defects that are characterized into M groups based
on the damage Fluence Fd . The blue ‘X’s represent individual damage
events that occurred at that fluence along the horizontal scale. The
scale is split into M bins, labeled F1 , F2 , ..., FM . The events are then
counted to produce the histogram shown as a bar chart. Dividing by
the number of events m in a given bin by the total number of events
N then yields P (Fi ), the probability of observing damage at a fluence
in the bin i. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.9

Caculated damage probability vs. incident fluence for a film with constant defect density distribution. The damage probability P̃ (Fi ) is
the sum of components from all defect classes, which is shown as the
solid line. P (F1 ), P (F2 ), P (F3 )... is individual damage probability on
each defect class with damage Fluence F1 , F2 , F3 .... The ISO procedure
records only the solid line, while STEREO-LID is able to resolve the
individual defects’ probability at F0 . . . . . . . . . . . . . . . . . . .
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4.10 Diagram of Monte-Carlo Simulation of laser-induced damage initiated
from two kinds of defects. Define one sample with size of xmax and ymax
and area A. Two types of defects are defined with different damage
fluences F1 and F2 as well as density ρ1 and ρ2 . A total of Aρ1 and
Aρ2 defects of each kind (blue and red, respectively) are distributed at
random over the area of the sample. Finally, an area of array of test
sites (dashed circles) are placed on the sample and damage is evaluated
at each site depending on the incident fluence F0 . . . . . . . . . . . .
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4.11 (a) Initiation distribution around the beam from MCS of 2000 test
sites. (b) The black points are the center of masses for 100 member
subsets of the total 2000 tests. The red point and error bars are the
average of the black points and their standard deviations, respectively.
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4.12 (a) is plot of P (Fi ) from simulated experiments, in which the black
bins are the exact probability and red bins are corresponding simulated
probability. Each simulated experiment has 169 test sites. With 100
simulated experiments, the standard deviation of the probability can
be obtained as shown in the error bars on red bins. (b) is the amplitude
of the standard deviation of P (Fi ). Blue triangle data points are from
simulated experiments (also shown in (a) as error bars), while the red
circle points are calculated from Eq. (4.3). . . . . . . . . . . . . . . .
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4.13 MCS results of TDT with 100 test sites in total. The solid line represents the true damage probability curve from the two defects with damage fluence 100 and 700 J/cm2 . Each symbol represents the outcome
from 100 test sites. The threshold for intrinsic damage is FM =1300 J/cm2 . 73
4.14 MCS of STEREO with 100 test sites in total. Each symbol represents
one outcome from 100 test sites. . . . . . . . . . . . . . . . . . . . . .
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4.15 Comparison of TDT and STEREO-LID characterization of a Sc2 O3
film using 110 sites each. The damage probability P̃ (F ) of the TDT
is shown in circles up to fluence values of 800 J/cm2 (the inset shows
complete P̃ (F ) curve, the solid line is a guide to the eye). Linear
extrapolation estimates a fluence of 130 J/cm2 where the probability
of damage is zero. The squares depict P (F ) the probability of exciting
a defect of fluence F (see text), measured with STEREO-LID. . . . .
5.1

75

The Poisson distribution describes the probability of finding a particular number of defects in a given area. The blue area represents the
sample surface and the black dots are randomly distributed defects.
The red area represents the area of an illuminating laser beam with
sufficient fluence to initiate damage at the defects. . . . . . . . . . . .
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MCS of the Poisson distribution. The sample is defined by one kind of
defect randomly distributed with a certain density. 150 sites and 1500
sites are arranged on this sample. By counting the number of defects
in the sites, the probability can be obtained. The result agrees well
with the Poisson distribution. . . . . . . . . . . . . . . . . . . . . . .
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5.3

Diagram of two types of defects i and j with different damage Fluence(Fi ,Fj )
randomly distribute in Gaussian beam. The red and purple colored circle is the active area in which the fluence exceeds the damage fluence
of Fi and Fj . The diagram on the right shows the defects in the active
area. Since there are active defects of both types, damage depends
on the temporal order when the defects reach their respective damage
fluences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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This diagram illustrates the determination of damage initiation by the
temporal requirement ti < tj . The red and blue traces represent the
local intensities at the two defects of type i and j closest to the beam
center. The shaded areas indicate the damage fluences Fi and Fj . From
this example, we can see that even though a defect j is located closer
to the beam center, the defect of type i will initiate damage first. . .
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This diagram shows the condition for a defect of type i (red dot in
the diagram) initiate damage is that there is no defect of type j in the
circle of radius, R̂j,i . ri is the distance from beam center to initiating
defect. Fi is the damage Fluence of the initiating defect. . . . . . . .
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In this diagram, A, B, and C represent defects of three different types.
Both spatial and temporal information need to be considered when
predicting which defect initiates first. . . . . . . . . . . . . . . . . . .
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Comparison between theory and MCS simulated results of the same
defect distribution. The defect density of the bins is constant (ρi =
2 ∗ 104 cm−2 ) across the fluence range from 100 to 1300 J/cm2 . The
green bars are the average of 20 MC simulations, each of which contains
400 test sites. The error bars are the standard deviations of the same
set of simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.8

(a) black data points are the simulated STEREO-LID measurements
with 400 test sites. The defect density is set with a constant density
200 mm−2 . Note the data point with the largest damage fluence is
the probability of intrinsic damage. (b) is the retrieved defect density
from the measurement result shown in (a). The retrieved density was
then used to calculate the damage probability, which is included (a) as
red triangles. These retrieved P (Fi ) are in good agreement with the
probabilities obtained analytically. . . . . . . . . . . . . . . . . . . . .
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(a) Comparison of defect density retrieved from MCS simulations (black
squares) to a constant input defect density (red circles). The retrieved
density is the average of 20 simulated experiments consisting of 169
test sites. The error bars show the standard deviation of these experiments. (b) Comparison of the relative uncertainty (standard deviation)
of P (Fi ) and ρi for those 20 MCS simulations.

. . . . . . . . . . . .
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5.10 Damage probility changes with the beam spot size. Each set of data
points is the P (Fi ) of constant density defects (200 mm−2 ) with certain
beam spot size, which is 20, 40, and 80 µm, respectively. . . . . . . .

98

5.11 MCS of STEREO-LID test result of constant defect density sample.
The red line is the analytical P (Fi ). . . . . . . . . . . . . . . . . . . .
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5.12 Retrieval of defects density from STEREO measured results (Fig. 5.11).
The red line represents the true defect density and blue data points
show the retrieved defect density. The retrieved density is 0 in range
larger than 1200 J/cm2 because there were no damage events in the
simulations. This region is defined as the dark region. . . . . . . . . . 100
5.13 MCS of two kinds of sample with different distributions of defect density. Two lines in the diagram represent two different distributions. . 102
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5.14 Simulated TDT test results on samples with this two distributions
(data points). The solid lines are analytical calculations of the damage
probability using the input defect distributions. . . . . . . . . . . . . 102
5.15 MCS simulations of defect distribution retrieval using STEREO-LID.
The data points are the retrieved defect densities by MCS of STEREOLID. The dashed lines are the defect distributions used as input for the
simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.16 Probability density P̄ that a damage test yields LIDT fluence F for
each film in Table 5.1[(a) IBS-HfO2 , (b) EB-HfO2 , (c) IBS-Sc2 O3 ,
and (d) IBS-Ta2 O5 ] obtained from STEREO-LID measurements. The
probability density is the probability, P (Fi ), divided by the width of
the fluence bin 4F , indicated by the width of the bar. The insets are
simulations of the damage probability P̃ derived from the STEREOLID data. The solid line is the prediction of the probability of damage
at the incident fluence using the complete set of STEREO-LID data.
The dots are simulated 1-on-1 TDT using the STEREO-LID data set
with 10 tests at each fluence. . . . . . . . . . . . . . . . . . . . . . . . 106
5.17 Defect density distributions ρ̄(F ) for each film in Table 5.1[(a) IBSHfO2 , (b) EB-HfO2 , (c) IBS-Sc2 O3 , and (d) IBS-Ta2 O5 ] derived from
the STEREO-LID measurement data shown in Fig 5.16. The regions
marked dark are unresolved because there were no damage events observed at those fluences. . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.18 Measured P( Fi ) for (a) EB-HfO2 , (b) IBS-HfO2 , (c) ALD-HfO2 , and
(d) a blank substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
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5.19 The retrieved defect density distributions ρ̄(F ) from the data in Fig.
5.19. The total measured defect densities and smallest measured damage fluence for each sample are also listed. The regions labelled “dark”
indicate the fluence range where the number of events were too low to
make predictions about the defect density distribution . The damage
fluence Fmin is from the event with the lowest observed damage fluence
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6.1

Diagram of intial stage of defect-initiated damage and ablation in a
thin film (note that the film thickness is much smaller than the beam
size in reality). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.2

Example of time-resolved transmission during a laser-induced damage
event. (a) Transmission (in red) and the reference pulse (gray) showing
four distinct regions: (A) Deviation of the transmission from the reference; (B) rapid drop in transmission; (C) Slowing of the transmission
drop as the transmission is reduced to about 10%; and (D) in some
cases there is a partial recovery of the transmission (not shown here).
(b) Detailed view of the same data showing that the transmission drops
from 90% to 20% in just 1 ns (the cut-off time).
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. . . . . . . . . . . 118

Transmission curves in the STEREO-LID tests of 30 nm hafnia thin
film (representative examples selected). (a) is the detected original
transmitted pulses, each of which represents one damage event. The
peak intensity is about 170 GW/cm2 . (b) Transmission curves obtained
by dividing the transmission pulse by the reference pulse. The division
also results in a large noise at the beginning (around -5 ns) and the
end (around 5 ns) of the pulse in the transmission curves. . . . . . . . 119
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6.4

The cut-off time (see text) taken from the transmission curves in Fig. 6.3.
X-axis is the intensity at the beam center when the damage occurs, labeled as I(0, 0, t0 ), where t0 is the on-set time of damage. The cut-off
time decreases with the increase of this intensity.
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A phenomenological model of defect-initiated ablation of a thin film.
An absorbing region expands from the initiation point at a velocity
v(I) which is a function of the local intensity I. . . . . . . . . . . . . 120

6.6

The propagation of detonation wave fueled by an energy release Q̄
provided by a chemical reaction. The detonation wave front triggers
this reaction which in turns pushes the wave forward. For a laserdriven propagation, the wave induces absorption in the material which
then produces Q̄ through absorption of the laser light. . . . . . . . . . 121

6.7

The propagation of detonation wave in the solid fuled by the absorption of laser energy. The solid block in the graph represents absorption
region (reaction zone) of the detonation, propagating to the right side
direction. After the detonation wave pass through, the solid material
turns into gas state which is highly absorptive plasma. w is the absorption width, δ is the absorption depth, and L is an arbitrary length. 122

6.8

(a) Nomarski and (b) dark field microscope images of a crater with one
initiation formed in a large beam test (w0 = 130µm). The crater shape
is asymmetric relative to the initiation position visible in the Nomarski
image and towards the beam center. The inner and outer structures
will be attributed to processes that happen during and after the laser
pulse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
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(a) STEREO-LID transmission data for the two separate damage tests
that occurred at nearly the same time during the pulse. The change
in transmission that happens after damage is nearly identical in both
cases. (b) Illustration of where the two events initiated within the
beam profile. The local intensity at the initiation differed by a factor
of ten (see Table ??. . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.10 Comparison of experimental and simulated transmission curves for the
events shown in Fig. 6.9. The simulation agrees with the experimental
observation that the transmission drop does not depend on where in
the beam profile the damage was initiated. . . . . . . . . . . . . . . . 126
6.11 Representative STEREO-LID transmission measurements (in black)
for a 30 nm HfO2 film that occur at different times during the pulse.
The damage events in (a) occurred within 5 µm of the beam center,
while the set in (b) occurred at least 15 µm away from the beam
center. The red lines are simulations using the expanding absorption
region model described in section 6.2.3. . . . . . . . . . . . . . . . . . 127
6.12 Example STEREO-LID transmission pulse (red) for a damage test with
large beam spot (w0 ≈130µm) and low peak intensity (8.5 GW/cm2 ).
The transmission diverges slowly from the reference near the peak of
the pulse, but does not go to zero as in the small beam tests. The
shaded region illustrates the “blocked energy”, the portion of the pulse
blocked following the damage event. . . . . . . . . . . . . . . . . . . . 128
6.13 The same STEREO-LID transmission data from Fig. 6.12 with a simulated curve (see text for description). . . . . . . . . . . . . . . . . . 128
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6.14 Observations of crater morphology in a Nomarski microscope image
of damage event. (a) An overall image of the three craters generated
in the event. The beam area is shown roughly by the dashed ellipse.
The initiation positions of the three craters are shown in (b). The
asymmetry of the craters is illustrated by the arrows the originate
from the initiation points and point towards and away from the beam
center to the crater edge. Note that in all cases the arrow towards the
beam center is always larger than the arrow away from the center. (c)
Finally, a faint line appears between the two largest craters. . . . . . 130
6.15 (a) Nomarski image of two craters formed during a single damage event.
The red dashed lines are the final sizes of the absorption regions predicted by simulation. (b) Close up images of the initiation mini-craters.
(c) A close up image of the faint line of material modification that appears between the two craters.
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6.16 (a) Nomarski image and (b) transmission simulation of a single-initiation
damage event. In the Nomarski image, the crater appears to the left of
the beam center and is asymmetric with respect to the initiation point
with a ratio of 0.3. The absorbing region appears as a blue ellipse on
the left side of the simulation. The predicted ratio is 0.6.
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6.18 Another Nomarski image of a crater with the outline of a simulated
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B.1 (a)Microscope image of one damage event with magnification of about
7.8. The modulation in the tail shows period of about 30 µm. (b)Microscope
image of another damage event with magnification of about 15. The
modulation has period of about 15 µm. (c)Microscope image of one
crater with white light shows no modulation. . . . . . . . . . . . . . . 144
C.1 In-situ microscope images of damage on edge of metal plate. (a) shows
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occurs, while (c) is the image of the same position with high pulse
energy that damage happened that has two symmetrical (not proved)
streaks. (e) and (f) are the images of condition (d). The left side streak
disappear in (f).The yellow dashed lines represent the edge of metal. . 147
C.2 Diagram of set-up to use in-situ microscope to image the copper wire
(diameter is about 85 µm) illuminating with white light (LED light).
The internal structure of in-situ microscope is the same as shown in
Fig. 3.14. The dashed circle at the bottom of wire shows the zoomed-in
picture of the wire on the metal plate. . . . . . . . . . . . . . . . . . 148
C.3 Images of wire with set up shown in Fig. C.2. (a) is the image of
middle part of the wire, in which the image has a clear region due to
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D.1 Contamination outside of a crater in a typical damage. The bright
circle in the middle is the crater and the bright dots are the debris

. 150

D.2 Nomarski images of two types of debris. (a) is large size debris and (b)
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G.6 Transmission curves of damage events in vacuum, comparing with ones
in air (other conditions are the same). (a) shows the transmission
curves in air and vacuum are essentially the same (not including the
spatial information). (b) shows more damage events in air and vacuum. 161
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G.8 Nomarski image of crater tested on 30 nm hafnia thin film with small
beam spot (beam waist w0 ≈22µm). The red dashed ellipse represents
the beam location. There are three regions in the crater. At the beam
location, the film and part of substrate are abladed. The middle part
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G.12 Nomarski images of craters damaged in substrate with small beam spot
(w0 ≈22µm). (a) is a damage event that has a shallow crater. (b) is
a damage event which has radiate cracks. (c) and (d) is the damaged
crater which has visible depth of crater. The focal plane difference of
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Chapter 1
Introduction
The goal of this chapter is to provide background information and a general introduction to the work presented in this thesis. It stands with a brief description of laser
induced damage the dielectric materials and an overview of traditional damage test
methods. Then we present the research motivation and goals, and an outline of the
chapters of this thesis.

1.1

Background

When the laser was invented in the 1960s, the laser was considered as a solution
seeking a problem. The development and applications of high power laser technology
have resulted in profound interest and research in the behavior of optical materials
under intense illumination. When the laser power is high enough, the laser irradiation may cause an irreversible change in material structures, which is usually called
laser-induced damage (LID). As a consequence, laser development has always been
associated with corresponding research of LID thresholds of optical materials and
components.

LID phenomena also represent a class of problems for both manufacturers and
1
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users of optical components for high-power laser systems and applications. LID phenomena on optical components normally limit the output of high-power lasers and
applications of such lasers. In the beginning, for example, the output power of Ndglass lasers was limited by internal damage in the laser glass resulting from platinum
inclusions. Thus, in the design of high-power laser systems, laser-induced damage is
an overriding consideration.
The problem is particularly severe at coated optical surfaces, where damage thresholds can be much lower than in corresponding bulk materials. Some of the most
stringent quality parameters of optical materials are demanded in components of
high-power and high-energy lasers and applications involving such lasers. These components include mirrors, beam splitters, polarizers, lenses and so on. Any damage
on these optics may result in the degradation or the breakdown of the high-energy
lasers or related systems. Increasing the LID threshold of these optical materials and
components will provide us a more reliable and more economical system. Therefore,
a good knowledge of what the laser-induced damage thresholds (LIDTs) of these optics are and what determines LIDTs is imperative to increase the damage threshold.
That is also why after more than 50 years of the invention of the laser, the research
on laser damage is still timely and important.

LID phenomena made it necessary to institute a standard for optical materials
and components characterization for communication between scientific laboratories,
optical component manufacturers, and end users.
In response to this situation, an ISO standard [17] was ratified in 2000 and revised
in 2011 [18] to measure the laser-induced damage threshold (LIDT). This standard,
based on the work of Porteus and Seitel [16], involves the record at many test sites of
whether or not damage occurs under difference fluence conditions and the generation
of a damage probability curve.

2
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The detailed mechanisms of LID in dielectric materials are complex and still under
research. While the damage mechanism for femtosecond pulses is well understood [3],
for pulse lengths greater than 10 ps damage is initiated at as-yet unidentified defects.
That is why after more than 50 years since the invention of the laser, damage thresholds in optical components remain unpredictable [28]. While efforts have been made
to develop non-destructive tools to identify defects [25, 26, 27], LIDT measurements
remain the best way to characterize them.
The ISO standard has been used to measure defect densities in optical materials
by modeling the shape of the damage probability curve. However, these studies have
always assumed very simple (and non-realistic) defect ensembles. Arbitrary defect
ensembles require an unrealistically large number of test sites [9].

1.2

Motivation and goals

The work presented in this thesis focuses mainly on work on a new technique for
characterization of damage initiation in thin films and surfaces by nanosecond nearinfrared (NIR) laser pulses.

The motivations behind the topics investigated in this thesis can be summarized
as follows:

Efficent evaluation of laser-induced damage thresholds(LIDTs). LIDTs is
an important characterization method for high-quality optical coatings, in particular
for coatings used in high-power laser systems and applications. Several damage test
methods have been used for decades that record only “damage or not” during the
test. However, because the number of tests is limited by the available sample space,
the error in the damage probability is large and only a-priori assumed trivial defect
3
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ensembles can be quantitatively characterized [16, 21, 60]. New method is needed to
measure the LIDTs more efficiently.

Characterization of damage initiation in optical films and surface. Nanosecond LIDTs of high-quality optical coatings are controlled by statistically distributed
defects [21]. Their existence is well established from traditional studies of the LIDT
as a function of excitation spot size [22, 23] and from statistical analysis of measured
damage probabilities as a function of incident fluence, P̃ (F ) [16]. Traditional tests
only measure whether or not damage occured for a certain incident fluence. To measure the actual threshold of damage initiation, the spatial and temporal information
during the damage need to be measured.

Study of defect distribution from damage measurement. Characterized by
the damage threshold, the defect density distribution is useful to study the optical
films and surfaces property. For a general defect distribution, the traditional method
of fitting the damage probability curve requires many tests sites for satisfactory results
and an assumption of a defect distribution model. If we have a way to find the defect
density distribution of the optics without any prior assumption, optical films and
surfaces can be characterized in terms of their defect distributions, which can be used
to compare deposition techniques and coating materials.

Initial kinetics of defect-initiated laser damage and ablation. Studies of
nanosecond laser-induced damage involved the initial kinetics of defect-initiated laser
damage and ablation. The process by which a laser-induced electron plasma evolves
spatially and temporally is important as it determines the growth of laser-induced
craters.

The main research goals of this thesis are outlined below:
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1. To describe and implement a new method for ns pulse laser damage test that
can resolve the spatial and temporal information during the damage, which
includes the experimental details to achieve that.
2. To evaluate the utility of the new technique as an efficient tool for the characterization of optical films and surfaces by comparison with traditional test.
3. To develop a mathematical model to relate defect density to the measurement
results, which can be used to retrieve the defect density distribution from the
measurements.
4. To show and claim that the new technique is able to characterize or distinguish
the defect distribution of thin films with different deposition methods.
5. To interpret the observations of laser-induced damage about the initial kinetics
of defect-initiated laser damage and ablation.

1.3

Outline

Chapter 2 will provide the necessary research background of laser-induced damage
(LID) and ablation. We start by introducing the mechanics of LID and then discuss
how nanosecond pulse LID is mainly controlled by defects of unknown origin randomly distributed in optical materials. At the end of this chapter, several different
traditional damage methods and their limitations are described.

Chapter 3 introduces the idea of new technique for LID measurement dubbed
STEREO-LID for Spatio-TEmporally REsolved Optical Laser-Induced Damage. This
new technique will resolve both the spatial and temporal information simultaneously
during the damage event to obtain the actual damage fluence for every test site. The
laser source and experimental tools and techniques are described. The experimental
5
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data used to determine the spatial and temporal information are also shown.

In chapter 4 we describe the STEREO-LID protocol and what data is obtained
when characterizing an optical film or surface. STEREO-LID is then compared to
the traditional damage test and its superiority demonstrated through simulated and
experimental results.

Chapter 5 demonstrates the ability of STEREO-LID to retrieve the detailed defect density distribution function. We firstly derive the mathematical relationship
between measured probability and defect density characterized by their damage fluence. Based on this relationship, we are able to retrieve the defect density from the
STEREO-LID measurement. Both simulation and experimental results will be shown.

In chapter 6, the observations and interpretations of the initial kinetics of defectinitiated ns pulse laser damage and ablation are presented. We explain our current
understanding of damage process following the initiation and interpret the experimental observations with a laser-driven “detonation model”.

Chapter 7 summarizes the work presented in this thesis and discusses a brief outlook of future work.
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Test methods of laser induced
damage
The goal of this chapter is to provide a background understanding of nanosecond laser
pulse damage upon which the work of this dissertation is based. First the intrinsic and
extrinsic mechanisms of laser-induced damage in dielectric materials are presented.
The latter extrinsic defect-initiated damage is important for the 10 ns pulses considered in this work. Next, the deposition of oxide optical coatings and a discussion of
their defects follows. Finally, the methods used to characterize laser-induced damage
in optical components through measurement of the laser-induced damage threshold
(LIDT) are presented. These are referred to collectively in this dissertation as the
traditional damage tests (TDTs) because they are all based on repeated tests which
determine only whether or not damage occurred under a particular illumination scenario. It is the limitation of these TDTs that motivate the development of a new
technique (STEREO-LID), which is the subject of this dissertation.
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2.1

Laser-induced damage of dielectric materials

The major type of the optical coating and material in high-power application are
composed of transparent dielectric materials such as silica, some fluorites, and various
metal oxides. An important feature of these dielectric materials is that they have
relatively large band gap and very low absorption, measured in parts per million or
lower. These properties result in the highest laser-induced damage thresholds (LIDTs)
of all classes of solid materials. Table 2.1 lists the parameters of some common metal
oxides material used in optical coatings.
Material Eg (eV)
SiO2
HfO2
Sc2 O3
Ta2 O5
TiO2

8.3
5.1
5.7
3.8
3.3

Refractive index [2]
at 1064 nm
1.5
2.1
2.0
2.1
2.5

Density
(g/cm3 )
2.2
9.7
3.9
8.2
4.2

Table 2.1: Common optical material parameters.

When the material is illuminated by very intense light, non-linear light-matter
interaction may lead to excitation of electrons to conduction band. With the electron density high enough, the absorption increases strongly, which results in much
more laser energy absorbed and then permanent change or damage to the material
structures. This section explains the fundamental mechanisms of laser-induced damage in dielectric materials, including the intrinsic dielectric material and the extrinsic
impurities or defects in the dielectric material.

2.1.1

Intrinsic damage in dielectric materials

Every solid has its own characteristic energy-band structure. For instance, metals
have no band gap because the valence band is not completely filled. Electrons near
the Fermi surface dominate the optical absorption of illumination on the surface of
8
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a solid. A semiconductor has a narrow but non-zero band gap, normally smaller
than the energy of a visible photon. A dielectric material has a large band gap, as
shown in Table 2.1. In dielectric material, single photon of IR light (UV light may
have high enough energy to bridge the band gap of dielectric material) is not able to
excite the electron to conduction band and multi-photon transitions are necessary to
excite the electrons. Since multi-photon transition is only significant for very intense
illumination, dielectric material is usually used for optical coatings and surfaces in
high-power applications.
The LID mechanism of intrinsic material is well understood [3, 4, 65]. Figure 2.1
is a diagram of electron excitation in dielectric materials. Multi-photon ionization,
shown as (1) in Fig. 2.1, is a highly non-linear process, whose probability will increase at sufficiently high laser intensities. An electron in the conduction band can
absorb more photons by inverse bremsstrahlung to reach higher kinetic energy. The
high kinetic energy electrons collide with the electrons in valence band and excite
more electrons to conduction band exponentially, which is also called impact ionization or avalanche ionization. Avalanche ionization increases the electron density in
conduction rapidly.
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Figure 2.1: Diagram of electron excitation in a dielectric. With intense enough laser
illumination, the electron can be excited to conduction band (CB) by multi-photons
ionization, shown as (1) in the graph. Electron in CB can absorb more photons
by inverse bremsstrahlung, shown as (2). Electron in high energy level collide with
electrons in valence band (VB) and excite more electrons by avalanche ionization,
shown as (3). T represents electron relaxation and Eg is the band gap of the dielectric
material.

As the electron density builds up by photo-ionization, absorption will increase
rapidly and strongly when the electron density reaches a critical density [64]. The
critical density is reached when the plasma frequency coincides with the laser frequency. The plasma here is a free electron plasma. The highly absorptive electron
plasma absorbs the remainder of the pulse and damage of the material follows.
Ultrashort laser pulse, like femtosecond pulse, normally has very high intensity,
which is intense enough to excite electrons directly from valence band by multiphoton ionization. The LIDT in femtosecond laser pulse is much more deterministic
than pulses with a longer pulse duration (like nanosecond pulse). The laser-induced
damage of ultrashort pulse is mainly determined by the intrinsic dielectric material.
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2.1.2

Defect initiated damage

While the LIDT of femtosecond pulse is mainly determined by intrinsic material itself, nanosecond LIDTs of high-quality optical coatings are controlled by statistically
distributed defects in the material [21]. Their existence is well established from traditional studies of the LIDT as a function of excitation spot size [22, 23] and from
statistical analysis of measured damage probability [16]. These defects can include
small-size material imperfections, for example metal-like particles that are not fully
oxidized, nodules, and nano-crystallites with corresponding grain boundaries. The defect LIDT is can be more than ten times smaller than the LIDT of intrinsic dielectric
material.
Figure 2.2 includes electron excitation from trap states originating from defects in
dielectric materials which require less energy to be excited than the band gap energy.
In a nanosecond laser pulse near LIDT, the intensity is not high enough to drive
band-to-band transitions as it is for femtosecond pulses, but electrons can be excited
from the defect states into the conduction band. These electrons can provide the seed
for avalanche ionization described previously for the intrinsic damage mechanism. Or
the excited electrons can also simply relax by damping heat to the ions. With the
process (as shown in Fig. 2.2) repeating, the material will be heat up and finally result
in damage.
If there is no defect or no low LIDT defect (like the bar in Fig. 2.2) in the nanosecond laser pulse illumination, it is more likely there is not enough electron excited to
the conduction band and no damage to the material. Thus, absorption of occupied existing defects becomes more important for longer pulses, nanosecond pulse, for which
the multi-photons processes are less likely.
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Figure 2.2: Diagram of electron excitation and defect heating in dielectric material
with existing defect. The bar represents the defects that can be excited into the
conduction band easily by absorbing single photon (or other number of photons in
other cases). The excited electron can then relax by damping heat to the ions.
The study of nanosecond laser pulse damage is more related to LID of defects
inside and the quality of the optical film and material. In this thesis, we focus on the
nanosecond pulse damage which is normally initiated by the defects.

2.2

Characterization of defects

Nanosecond LIDTs of high-quality optical coatings are controlled by statistically distributed defects of largely unknown physical nature [21]. Their existence is well
established from traditional studies of the LIDT as a function of excitation spot size
[22, 23] and from statistical analysis of measured damage probability as a function
of fluence (or intensity) [16]. The defect LIDT can be more than ten times smaller
than the LIDT associated with the intrinsic material, for example 20 J/cm2 versus
600 J/cm2 in Sc2 O3 films [24]. These defects can include small-size material imperfections, for example metal-like particles that are not fully oxidized, nodules, and
12
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nano-crystallites with corresponding grain boundaries. Characterization of these defects damage threshold and distribution is important to the understanding of the LID
mechanisms and the manufacture of optical coating and surfaces.
In this section, we will introduce some basic type of defects and contaminations
from film deposition and substrate preparation. Then some non-destructive characterization methods are briefly described.

2.2.1

Defects in optical films and surfaces

Types of defects
Figure 2.3 shows a schematic diagram of defects expected in an optical thin film.
Intrinsic defects, in the form of interstitials and vacancies are deposition method
dependent [44]. Their presence can be probed by, e.g., electron-spin-resonance if the
defects have a multiplet ground state[44]. Even in the best films [44] where the defect
density is near 1018 cm−3 , an excitation spot of a micron diameter will average roughly
over a 100,000 of these defects in a film of 100 nm thickness. Therefore these defects
become part of the intrinsic material property.
At pulse durations on the order of picoseconds and longer, a second class of defects
related to imperfections introduced by the deposition process (labeled A in Fig. 2.3)
often controls the optical performance limits even in high-quality films. The defect
LIDT can be more than 10× smaller than the LIDT associated with the intrinsic
material, e.g., 20 J/cm2 vs. 600 J/cm2 in scandia films [24]. These defects can
include small-size material imperfections, e.g., metal-like particles that are not fully
oxidized [5] and nodules [6]. Nodules are important in multilayers as they disrupt
the structure leading to mechanically weak interfaces[6] and local field intensification
[39].
Examples of possible defects that control the stochastic outcome of LIDT measurements (non-intrinsic damage events) are residues from substrate polishing and
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cleaning [45, 46, 21, 47] that may lead to nodules when coated [48, 49], crystallites
and their grain boundaries in particular in materials like hafnia [50, 51]. To complicate things, defects on the substrate surface may be activated by the coating process
[52].

Figure 2.3: Schematic diagram of an amorphous dielectric coating on a substrate.
Intrinsic defects (B) and defects introduced by ”imperfections” (A) of the deposition
process contribute to the film properties. While optical excitation averages over the
former, the probability that one of the latter defects is probed depends on the laser
spot size (diameter 2R). Local crystallinity (D) can give rise to grain boundaries in the
otherwise amorphous material (C), and these grains incl. boundaries may contribute
to the LIDT properties.

These defects that control LIDTs are mainly caused by coating deposition processes and substrate preparation processes.

Thin films depositions There are plenty of deposition methods for thin film coatings, mainly physical vapor deposition (PVD) and chemical vapor deposition (CVD)
methods. As examples, this section describes two commonly used PVD methods and
one CVD method. These are electron-beam evaporation with ion-assisted deposition (IAD), ion-beam sputtering (IBS), and atomic layer deposition (ALD). Figure
2.4 shows the basic principles of e-Beam (IAD), IBS, and ALD deposition methods.
Different techniques and conditions for the same deposition method may be used to
improve the performance and properties of the thin film.
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Figure 2.4: Three different thin film deposition methods. (a) is the electron beam
evaporation with ion-assisted deposition (e-Beam IAD). The electron beam is focused
on the target material, heating and evaporating it. The vapor of the material reacts in
presence of oxygen and deposits onto the substrate. An ion-assist beam can be used
to densify the film. (b) is the ion-beam sputtering (IBS), in which the ion source is
used to produce sputtering of target material. The sputtered material will react with
oxygen and deposit on the substrate. Because of the high energy of the sputtered
material the density of the film can be high than thermal evaporation. (c) is one
example (HfO2 ) of atomic layer deposition (ALD). The film is prepared layer by layer
by alternating chemical reactions: first adsorption of the metal precursor (e.g. HfCl4 )
followed by reaction with H2 O to form the oxide.

In general, e-Beam deposition has to be done in high vacuum and normally produce porous films (without IAD). The manufacturing process is relatively inexpensive,
has high deposition rates, but has greater error in layer thickness when compared with
other methods. This is mostly attributed to changes of vapor distribution, rate of
deposition, vacuum pressure, temperature, and so on.
As a comparison, IBS produces much denser film and has better adhesion because
of the higher kinetic energy of the ad-atoms. But at the same time, the high energy of
atoms and ions may also influence the properties of the film surface, such as energetic
particle bombardment effects [10]. These effects may introduce some defects in the
film and even substrate, like displacement, trapping states, lattice defects, and so on.
No matter which deposition method or condition is used, many types of defects
are introduced during the processes, which affects the LIDT of the thin film. An efficient way to characterize defects may provide feedback to improve the manufacturing
15
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processes.

Substrate preparation Fused silica is high purity synthetic amorphous silicon
dioxide which is manufactured by flame hydrolysis. It is widely for laser optics. Thin
films are deposited onto polished silica substrates. Some beneficial characteristics of
fused silica include very low thermal expansion coefficient, very good homogeneity
with excellent optical properties and exceptional transmittance in the UV range.
Before film deposition, proper cleaning and polishing of fused silica for use as a
substrate is needed [11]. Polishing processes introduce defects and cracks, which make
the damage threshold of a substrate surface below the intrinsic damage threshold of
fused silica [58]. Some defects on the substrate surface may be activated by the
coating process [52].

2.2.2

Non-destructive methods for identifying defects

Localized absorbers and nanometer-scale crystallites can be identified by photothermal (absorption) microscopy [25, 26] and third harmonic microscopy [27], respectively;
the question whether such defects control pulsed LIDT remains open. Critical defects might only be detectable under excitation conditions very close the the damage
threshold [4]. This motivates the search for characterization methods based on LID.

2.3

Laser-induced damage test methods

Despite considerable research efforts over the past four decades in non-destructive
diagnostics to predict the performance under high power laser load [1], progress is
unsatisfactory. The most widely used and successful characterization technique is still
LID testing to determine the maximum fluence the sample can sustain for a given
illumination scenario (wavelength, pulse duration, number of pulses, and repetition
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rate). The result is a laser induced damage threshold (LIDT) fluence, Fth , above
which the material shows permanent damage, mostly associated with the occurrence
of a mini-crater for nanosecond laser damage.

This section summarizes three traditional damage tests (TDTs) used to measure
the laser-induced damage threshold (LIDT) of optical components. These TDTs all
based on a post-mortem test for damage such as imaging of a crater by microscopy or
a measure of scatter of CW probe laser. The existence of defects in optical coatings
has been established through the spot-size dependence of LIDT using these methods.
After describing these methods, the shortcomings of the TDTs and the possibility of
a new kind of damage measurement will be discussed.

2.3.1

Traditional damage tests (TDTs)

ISO standard
The most commonly used method in the literature is the ISO standard [18]. Figure 2.5 shows the basic idea of this method and Fig. 2.6 explains the procedures of
how the measurement is done.

Figure 2.5: Traditional damage test based on the ISO standard which records whether
damage occurred at different test sites for different fluence single pulse (1-on-1) or
multiple pulse (S-on-1) illumination. By determining the fraction of damage events
that occurred, the probability of damage as a function of incident fluence, P̂ (F ), is
obtained.
17
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This method measures the damage probability as a function of incident fluence.
This is accomplished by repeated tests for damage at different fluences (single or
multiple pulses) and counting the number of the damage events at each fluence. The
procedure is illustrated in Figure 2.6.

Figure 2.6: Illustration of the traditional damage test procedure. The sample area is
divided into a number of test sites (100 in the case). Then these test sites are split
into groups that will be tested at different fluences F1 , F2 , ..., F10 . After each test, it
is observed whether damage did occur (red dot) or did not occur (green dot). m1 , m2 ,
..., m10 are the number of damage events at each fluence. Dividing by the number of
damage tests at the fluence yields the damage probability.

During this measurement, single (or multiple) pulse(s) is(are) used to illuminate
the test sites matrix on the sample surface with certain incident fluence. In Fig. 2.6,
F1 , F2 , ..., F10 represent different incident fluences, each of which test 10 sites. The
result, damage or not damage, is recorded. Note that every test site is only used once,
even if no damage was detected. In Fig. 2.6, m1 , m2 , ..., m10 are the number of damage
events for the corresponding incident fluences. At the end, the damage probability at
these incident fluence can be obtained, shown in Fig. 2.7. This probability of damage
(or damage probability) is represented in this dissertation as P̃ (F ).
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Figure 2.7: Damage probability as a function of incident fluence Fin retrieved from
the TDT illustrated in Fig. 2.6. Fmin is the fluence at which the damage probability
goes to zero. This threshold is often difficult to extrapolate and the fluence of 50%
damage probability (labeled as Fth ) is often used. However, this value depends on
the testing spot size and is typically only useful for measurements of intrinsic damage
where the transition from 0% to 100% damage probability is rather narrow.

The damage probability curve is extrapolated to find the lowest fluence at which
the probability is non-zero (on-set fluence) [16], or to obtain a mean damage fluence
Fd from, for example, P̂ (F ) ≈ 0.5. Such LIDT measurement methodologies have been
summarized in ISO standards [18] and can be carried out in automated setups [19, 20].
Unrealistically large number of test sites are often required to obtain meaningful
LIDTs; note that a typical one-inch-diameter sample provides approximately 150-250
test sites, assuming a minimum separation of 1.5 mm to avoid contamination due to
deposition of ablation debris.

R-on-1 method
Figure 2.8 shows another test procedure often called the R-on-1 method in the
literature [29]. This method attempts to measure the damage threshold directly. In
this method each site is tested repeatedly with increasing fluence until the damage
19
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occurs. The damage threshold is then the smallest value measured for all the sites.

Figure 2.8: R-on-1 damage test. In this procedure every site is tested repeatedly with
increasing fluence until damage occurs as illustrated by the red X.
However, the results of this method are affected by laser conditioning and incubation. Laser conditioning is a phenomenon that the damage threshold of optical
components increases when exposed to sub-threshold irradiation [7, 8]. Incubation is
a similar but opposite effect where the damage threshold is decreased when a material
is exposed to a train of pulses [12]. Therefore, the result of the test depends on how
the fluence ramp is performed. This is the reason why sites are not reused in the ISO
test if no damage occurred.
Raster-scanning with overlapping spots
This method was developed to address shortcomings of the ISO standard for qualifying meter scale optics [31]. In the case of sparse low fluence defects, insufficient test
area leads to inconsistent results near the damage threshold. In the raster scanning
method, a large beam (typically 1 mm) is scanned across the sample with each test
overlapping the previous test, as illustrated in Fig. 2.9. A typical test area is on the
20
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order of 1 cm2 , containing nearly 2400 overlapping test sites. Like the R-on-1 test,
the area is tested repeatedly with increasing fluence. In this case, laser conditioning
is tolerated, because the test mimics the conditioning that an optic will receive before
operation.

Figure 2.9: Raster scan method. In this method a relatively large spot (typically
1 mm) is used. The test area overlap to maximize the total area tested. This protocol
was developed to quantify the density of sparse low fluence defects that limit the
operational lifetime of large area (∼1 m2 ) optics.

2.3.2

Spot size effect

The importance of defects has long been established from traditional damage tests
(TDTs) performed as a function of illumination spot size [23, 15]. It has been found
that the measured damage threshold decreases as the spot size is increased. Larger
spot size means larger area in which defects can be excited, which leads to higher
probability to probe a defect within the spot.
Therefore, the shape of the damage probability P̃ (F ) depends on the ensemble
of defects. In principle, a defect density distribution ρ̄(F ) can be obtained from the
exact P̃ (F ), where ρ̄(F )dF is the density of defects (in number per area) that have an
LIDT in the range from F to F +dF . For selected cases and with a priori assumptions
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about the defect distribution, this has been done [16, 21].
However, for general density distributions prohibitively large numbers of test sites
are necessary to determine P̃ (F ) with a sufficiently small uncertainty [9]. A typical
one-inch-diameter sample provides about 150-250 test sites due to limitations of site
spacing caused by cross-contamination by ablation debris.

2.3.3

Limitations of TDTs

LID based on traditional damage tests has been researched for decades. TDT provides
a direct view of damage probability P̃ (F ) as function of incident fluence, which is
specially suitable for large-scale optics. But for a typical one-inch-diameter commonly
used optics, the limiting number of test sites leads to large statistical uncertainties.
Figure 2.10 shows the TDT results P̃ (F ) tested on a 131 nm Sc2 O3 film, which has
a large uncertainty.

Figure 2.10: P̃ (F ) measured using TDT on 131 nm Sc2 O3 film on a one inch diameter
fused silica substrate with a total of about 110 test sites. The extrapolation of the
probability curve provides the minimum damage threshold for this film. The individual damage probability measurements have large statistical uncertainty because
of the limited number of test sites.

TDT records only damage or not damage results for certain incident fluence, F0 .
A damage event can only set an upper bound for the critical low fluence defects,
because damage might have occurred at a lower fluence. It is only through repeated
22
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tests that one obtains the damage probability and can extrapolate the critical damage
fluence. This is an inefficient use of material. A better test would measure the actual
fluence at which damage occurred for every single test site. Repeated measurements
would then characterize the optic by a frequency of exciting a defect characterized
by a particular damage fluence and the critical low fluence defects could be detected
directly.
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Chapter 3
Spatial and temporal measurement
of damage initiation within a
focused nanosecond laser pulse
In this chapter, the experimental foundations for a damage test based on the measurement of the spatial and temporal initiation of laser-induced damage are presented.
First, the idea of the test and how it can be used to measure the damage fluence (and
intensity) during a single laser pulse is presented. Then the instrumentation used,
such as the laser source, is presented. Finally, the means of spatial and temporal measurements of the initiation of laser-induced damage are presented with a discussion
of their limitations.

3.1

Idea of new technique

As introduced in the previous chapter, the traditional damage tests characterize the
material by recording either damage or no damage for each shot with certain incident
fluence, F0 . However, F0 is not the actual damage fluence Fd but rather an upper
bound. The actual fluence to initiate damage is generally lower.
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To retrieve the actual damage fluence requires two bits of information that are
not obtained in the TDT. The first is when irreversible damage initiated during the
pulse. This is labeled as td . The total fluence F0 can be split into two parts: F0 (td ),
or the fluence up to the moment of initiation, and the remainder which just leads to
energy deposition and influences the extent of the damage. The second factor is that
the beam is not uniform; Typically the beam profile in a damage test is Gaussian. So
the actual fluence at the point of initiation depends on its location within the beam.
These two effects (temporal and spatial) are encapsulated in the following equation
for the damage fluence:
−2

Fd = F0 (td )e

2
x2
d +yd
2
w0

(3.1)

where (xd , yd ) is the location of damage initiation within a Gaussian beam of radius
w0 .
The idea of this new technique, dubbed Spatio-TEmporally REsolved Optical
Laser-Induced Damage or STEREO-LID, is to resolve the spatial and temporal information during the pulse. The idea is illustrated in Fig. 3.1. The initiation time
td is determined by time-resolving an optical signature of damage with a fast photodiode. In this example a change of transmission is recorded, but other signals are
possible. The initiation location (xd , yd ) is resolved using a microscope that images
laser light scattered off an ablation jet onto a CCD. The formation of this image will
be explained later.
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Figure 3.1: Idea for STEREO-LID. The initiation of damage, both temporally and
spatially, recording during a laser pulse. The initiation time during the pulse, td , is
determined by a drop in transmission recorded with a fast photodiode that occurs
when breakdown occurs. The initiation position in the beam profile (xd , yd ) is determined by creating an image of the light scattered off material ablated during the
initial stages of damage.

3.2

Experimental tools

• Similarities with standard damage tests
– Test with focused beam of nanosecond pulse laser.
– The incident laser light can be set and monitored.
• Differences from standard damage tests
– Use fast Photo diode system to detect the temporal information.
– Set up in-situ microscope system to identify the spatial information.

3.2.1

Description of the laser

The laser pulses are provided by a seeded Nd:YAG pulsed laser with repetition of
10 Hz. The wavelength is 1064 nm and duration of the pulse is about 8.5 ns. Output
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power of the laser is about 10 W. The pulse-to-pulse fluctuation of the laser pulse
energy is less than 5%.
The seeded and unseeded pulses are shown in Fig. 3.2. The unseeded laser pulse
has random spikes due to the multiple oscillating modes. The shape of seeded pulse
is stable from pulse to pulse. On the other hand, the beam profiles of seeded and
unseeded pulses are similar. Almost all the damage tests in this thesis were performed
with seeded pulses.

Figure 3.2: Comparison of pulse profiles of the laser when seeded and unseeded. The
pulse is detected by fast photodiode whose resolution is about 180 ps. The unseeded
pulse has random spikes due to multiple oscillating modes. All damage tests were
performed with seeded pulses.

The optics for attenuating, monitoring, and focusing the laser pulse are shown in
Fig. 3.3. The incident laser pulse energy can be controlled with thin film polarizers
and a tunable half-wave plate. In the damage tests, one or more pulses can be selected
with the electro-mechanical shutter which is triggered by laser output trigger signal.
The shutter opening time can be adjusted to set the number of pulses passed. Finally,
the pulse profile is monitored by a reference photodiode.
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Figure 3.3: Optical set up for performing damage tests. The incident laser pulse
energy can be adjusted by tunable half-wavelength plate in conjunction with thin
film polarizers. The pulse energy is monitored by a calibrated fast photodiode. The
shutter can be triggered to select single or multiple pulses at a time. The focal lengths
of L1 and L2 are 200 mm and 100 mm, respectively.

The reference pulse is focused into and measured by a fast photo-diode which is
used to set and monitor the incident pulse energy during damage tests. The reference
diode level is calibrated to the energy of the pulse measured with an energy meter
(Ophir, PE25BB-DIF, P/N 1z02879) placed after the focusing lens, L1. The shutter
is used to select single pulses. The reference pulse is measured for different energies
selected by the half-wave plate and polarizer.
An example calibration curve is shown in Fig. 3.4 which shows linear relationship
between pulse energy and the integrated reference signal, which in fact is the sum of
the reference signal data. Using the integrated reference signal is more reproducible
than using the amplitude of the reference signal. With such calibration before the
damage tests, we can set, adjust and monitor the incident pulse energy.
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Figure 3.4: Calibration curve for the reference diode. In this plot, y axis is the
energy of the pulse while x axis is the integrated reference pulse (see text). The
calibration formula shows there is a linear relationship between the pulse energy
(E) and integrated signal (S). The voltage amplitude of signal from photodiode is
determined by both of pulse energy and filters before diode.

The laser beam is focused on the sample surface by a lens with focal length of
about 200 mm. The beam waist on the sample is about w0 =22 µm. The beam profile
at the focal plane is shown in Fig. 3.5 and the profile curve can be used to obtain the
beam waist. Using the equation

zR =

πw02
,
λ

(3.2)

the Rayleigh range, zR , is estimated to be about 1.5 mm. But the laser beam is not
perfect Gaussian distributed through the propagation direction. At the position more
than about 2 mm away from the focal plane, the beam profile is no longer Gaussian.
Figure 3.6 shows the beam profile changing around the focal plane. Far from focal
plane, the beam profile becomes elliptical, which could be caused by astigmatism
aberration.
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Figure 3.5: (a) The image of the beam profile at focus. The pixel pitch is 4.4 µm. (b)
Beam profile along x direction and the red line is Gaussian fit of the data points. The
offset is caused by the background signal. w0 is the beam waist and about 22 µm.

Figure 3.6: The images of beam profile at the different position along the beam
propagation direction around focal plane. The focus position z is given in the images
relative to (c) position. The elliptical shape of beam profile far from focal plane is
possibly caused by astigmatism aberration.

The laser exhibits beam pointing instability. At the focal plane, the laser beam
position changes from pulse to pulse. The shifting of beam center at 200 mm focal
plane has a standard deviation of about 0.8 µm. During the damage tests, the beam
profile is monitored by beam profiler (CCD) to correct for the movement of the
beam. The effect of the beam shift on STEREO-LID measurements will be discussed
in chapter 4.
The method to find the focal plane of the laser pulse uses a polished metal plate.
Firstly use low enough incident pulse energy to illuminate the surface so that there
will be spark at the focus when the surface is around the focal plane. With this
method, the focal plane can be found in a range of about 2 mm. In the second
method single pulses create craters at different sample positions. The shape of the
crater mimics the beam shape. There is a range where the crater is smallest and
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roughly circular. This method can find the focal plane in a range less than 1 mm.

3.2.2

Diode system

The temporal detection system in the experiment is achieved with InGaAs photodiodes (Electro-Optic Technologies, Model ET-3000) connected to oscilloscope with
8 GHz bandwidth (Tektronix, TDS6804B). The photodiodes can be setup and used
for monitoring the reference pulse and detect the transmission, scatter and reflection
signals. The diode sensor has a size of 100 µm. The light incident on these diodes is
attenuated so as to keep the signal in the linear range of the photodiode sensor.
The oscilloscope has four input ports and the signals from those diodes can be
acquired simultaneously. In the damage test, the oscilloscope is set to single pulse
mode and triggered off the reference diode so that the pulses from every test can be
recorded. Data acquisition software written in LabView automatically records the
signals to a computer.
The temporal resolution of the diode and oscilloscope was determined to be about
200 ps by measuring the response to 50 fs pulses. As shown in Fig. 3.7, both the
rising and falling times of the detection system are about 180 ps.

Figure 3.7: Response of the photodiode/oscilloscope to 50 fs pulse. The rise and fall
times(10% to 90%) are both roughly 200 ps.
The reference diode is used for setting and monitoring the incident pulse energy.
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The calibration of pulse energy and the reference pulse is shown in Fig. 3.4. The
other diodes are used to identifying the time when damage occurs during the pulse,
see following sections. Because of the differing optical paths and cable lengths of each
diode, the signals acquired by the oscilloscope have time difference to each other.
Figure 3.8 shows the response to a non-damaging event before and after correcting
the delays and amplitudes.

Figure 3.8: (a) Uncorrected reference, transmission and scatter pulses measured by
three photodiodes.(b) After correcting for time delay and amplitude, the three pulses
overlap. The time delays relative to the reference of the transmission and scatter time
were 12.5 ns and 5 ns, respectively.

3.2.3

In-situ microscope

The scattered light from the sample surface is imaged by an in-situ microscope and
CCD camera. Figure 3.9 shows the schematic diagram of microscope implementation
which is built on sealed cage system to block sources of stray light.
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Figure 3.9: Schematic diagram of in-situ microscope structure in STEREO-LID setup.
There is a small angle (about 9◦ ) between microscope and sample normal line to avoid
objective blocking the laser beam. The numerical aperture of the objective is 0.18 and
the working distance is about 1 cm. The focal lengths of the positive and negative
lenses are 20 cm and -5 cm, respectively. The negative lens in the microscope was
added to make the magnification larger without significantly increasing the length of
the microscope, as shown in Fig. 3.10. The magnification of this microscope is about
14 and the resolution is about 5 µm (see Fig. 3.12).

An objective with numerical aperture of 0.18 is used in the microscope. The
working distance of this objective is about 10 mm. The positive and negative lenses
in the microscope between objective and CCD have focal length of 20 cm and -5 cm,
respectively. Neutral density filters are used to attenuate the light so as to not saturate
the CCD. An interference filter centered at 1064 nm (bandwidth 10 nm) ensures that
only light scattered from the ns excitation pulse contributes to the image. Light from
the subsequent laser-induced spark is rejected. The filters can be easily inserted into
or removed from the microscope.
Initially, there was only the objective and one positive lens in the set-up of the
in-situ microscope. The negative lens was added to increase the magnification by a
factor of two without substantially increasing the physical length of the microscope,
see Fig. 3.10. Figure 3.11 shows white light images of a crater with the two different
magnification set-ups. The resolution remains the same, while the magnification
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changes by a factor of about two.

Figure 3.10: Diagram of geometrical optics of in-situ microscope. (a) is microscope
with objective and one positive lens. (b) shows that by inserting one negative lens,
the image is enlarged while the focal plane is just moved slightly.

Figure 3.11: White light images of one crater with two magnification set-up. (a)
and (b) are with and without negative lens set-up, respectively. The magnification
difference is about a factor of two.

The light scattered into the microscope is focused onto and recorded by CCD
camera (Pt. Grey, Chameleon). The CCD sensor size is about 3.6 mm × 4.8 mm
about and the pixel pitch is 3.75 µm. The exposure time of the CCD can be triggered
and controlled with the synchronization signal created by pulse generator which is
triggered by laser output trigger signal. The gain can be adjusted with the software
but is normally set to the lowest level to minimize noise. Typically, the scatter is
34

Chapter3. Spatial and temporal measurement of damage initiation
so strong that the light must be attenuated and electronic gain is not necessary. To
increase the precision of the images, a background image is taken and subtracted from
the images of damage events.
The depth of field is roughly is about 150 µm and the resolution is about 5 µm at
1064 nm laser light. A room light image of a lithographic grating (Edmond Optics,
Variable Frequency Target 43-488) is shown in Fig. 3.12. The microscope is able
to resolve 200 line pairs per mm grating with room light which means the spatial
resolution with room light is better than 2.5 µm. As Eq. (3.3) of the microscope
resolution expressed, the resolution at laser light wavelength is about 4 µm which
agrees with room light resolution.

Figure 3.12: White light (room light) image of a 200 line pairs per mm grating. The
resolution of the microscope with white light is better than 2.5 µm.

Spatialresolution : ≈

0.61λ
≈ 3.6µm
NA

(3.3)

where λ=1064 nm.
The resolution of the microscope is about 4 µm. The magnification of the microscope in Fig. 3.9 is about 14, which means each pixel on the CCD corresponds to
about 0.27 microns on the sample surface.
The software used to control the CCD camera is “FlyCap.exe”, see the manual
[61]. During the damage tests, the gain and brightness are set their lowest values to
avoid ensure the original image from scatter light. To control the CCD with trigger
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signal, the trigger setting is set as trigger mode 1 and “GPIO 1” with low polarity
after turning on the trigger mode.
The trigger signal is provided by a pulse generator (Stanford Research Systems,
DG535) which is triggered by laser output trigger signal. The trigger to the camera is
adjusted so that the laser pulse arrives during the CCD exposure time. Then to reduce
the noise signal in the image of the damage events, the exposure time is normally set
to its apparent minimum value which is about 500 µs. While the exposure time can
be set to smaller values, there is no further reduction of background. On the other
hand, to better image the scatter light from clean surface (no damage) to identify
the beam position, the exposure time can be set as long as 1 s (10 pulses) to increase
the signal-noise-ratio (SNR). Longer than 1 s (more than 10 pulses), the SNR almost
keep the same since the noise (dark current) get larger and larger with longer and
longer exposure time. Background images are taken in both cases and subtracted
from the signal images reduce the background.

3.2.4

Other geometries

Figure 3.9 is just one example geometry of the microscope set up for transmissive
optics. The sample is tilted about 30◦ respect to the laser axis and the microscope
is tilted about 9◦ respect to the sample normal, as Fig. 3.9 shows. This prevents
the transmitted laser beam from entering the microscope while providing a suitable
field of view of the film and material ablation. For tests of reflective optics (such as
mirrors) the in-situ microscope can also be set up in front of sample to image the
back scattered light, as shown in Fig. 3.13.
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Figure 3.13: Schematic diagram of in-situ microscope in front of sample, which images
the back scattered light. This set up is suitable for tests of high reflection mirror.
The internal structure of microscope is the same as shown in Fig. 3.9.

Other geometries of the sample are also possible. Figure 3.14 shows an example
set-up for light incident normal to the sample. Note that the sample should be
tilted slightly away from normal incidence to avoid reflecting light back into the laser.
Because the sample surface is tilted with respect to the microscope, only a limited
region can be imaged. Figure 3.15 is a white light image of a 200 lines pairs per mm
grating. The image of the grating is clear over a range of about 100µm. This is due
to the depth of field. The parts of the grating outside this 100 µm range are outside
the focus of the microscope. Thus this setup can be used to image damage initiation
for laser beams focused to a diameter smaller than 100 µm. Additional information
is provided in Appendix ??.
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Figure 3.14: Schematic diagram of vertical incident laser to the sample. The microscope is tilted about 45◦ with respect to the sample normal. The reflection of laser
from sample surface is slightly tilted from the incident direction to avoid potential
risk of damaging the laser system. The internal structure of microscope is the same
as shown in 3.9.

Figure 3.15: White light (room light) image of a 200 lines pairs per mm grating with
the set-up shown in Fig. 3.14. Due to the depth of field, the image become blurry
about 50 µm from the clear region.
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3.3

Resolving the damage initiation time during
the pulse

3.3.1

Time-resolved transmission

Measurement of transmission in the damage tests is achieved by focusing the transmitted beam into a fast photodiode, as shown in Fig. 3.16. The transmitted pulse
is collimated and attenuated before focused into the diode. The beam profile at the
focal plane (diode position) was checked to confirm that it was smaller then the diode
active area (100 µm). The position of diode and lens were adjusted to maximize the
signal amplitude to ensure all the light is focused into the diode.

Figure 3.16: Schematic diagram of the experimental setup to measure the transmitted
pulse through the sample. The transmitted pulse is collimated by a 50 mm lens and
attenuated by a pair of wedged glass windows and a neutral density filter. The
attenuated pulse is focused by 100 mm lens into the fast photodiode sensor. The
focus lens can be adjusted in x and y direction and the diode can be adjusted along
z direction.

Figure 3.17 shows two examples of transmitted pulses and all the key features.
Initially the transmission follows the reference pulse. Once the damage occurs, the
transmission drops rapidly. When the transmission drops to about 10% to 30%, the
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rate slows down. For the 30 nm thickness film damage cases, the transmission recovers
about 10% to 20% after transmission drop to almost zero. The damage initiation time,
td , is taken as the instant that the transmission clearly divergences from the reference.
For some rare cases when initiation starts far from beam center (beyond the beam
waist), the divergence of transmission from reference occurs long before the peak in
the transmission. An example is shown as feature (2) in Fig. 3.17(a).

Figure 3.17: Example data of damage event from transmission photodiode with
marked common features for two different films: (a) 130 nm HfO2 and (b) 30 nm
HfO2 . (1) Transmission follows the reference unchanged; (2) Transmission diverges
from the reference. This is taken as the damage initiation time, td ; (3) Transmission
reaches its maximum value; (4) Transmission drops rapidly; (5) Rate of transmission
drop slows; (6) In the case of the 30 nm film, the transmission recovers partially.

Since the transmission is the same when measured with larger aperture lens, the
transmission drop is not caused by diffraction. Figure 3.18 shows the drop in transmission for a film tested under air and vacuum where damage occurred at roughly the
same time during the pulse. The shape of the transmission pulses is essentially the
same. The experimental set-up and related observations are included in Appendix A.
The transmission drop in the damage tests of films of different thickness is slightly
different at feature (5) and (6) shown in Fig. 3.17. A similar drop in transmission
was also observed when testing the surface of an uncoated substrate.
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Figure 3.18: Comparison of damage events in air and vacuum with similar initiation
times. The drop in transmission is essentially the same in both cases.

Even though the transmission succeeds in identifying the initial time for most of ns
single pulse tests, there are limitations of transmission in resolving time information.
The transmission of damage tests performed with a large diameter beam (130 µm)
at the film diverges slowly from the reference pulse. This increases the uncertainty of
the initial time of damage (Fig. 3.19. In addition, when multiple initiations damage
events occur, the transmission curve is not able to identify the damage initiation time
for more than one event.

Figure 3.19: Transmitted pulse in large beam test with beam waist of about 130
µm. The transmitted pulse diverges from reference pulse slowly making it harder to
identify precisely the instant that damage occurs.

Some works about UV damage on the bulk substrate have been done which shows
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that the modified material will become opaque about 1.5 ns after modification of material starts [76]. Note the experimental geometry difference and incident intensity
difference (100 times) may cause results different. Most of the transmissions in our
NIR laser damage tests drop directly and rapidly. Only for some cases in which the
initiation is on the edge of the beam, the transmission may diverge from the reference
long before it drops rapidly. See more discussion in chapter 6.

3.3.2

Time-resolved scatter

Light scattered from the damage event can also be used to identify the damage initiation time.
Figure 3.20 is the experimental setup to measure the scatter signal from the sample
surface in the damage tests. The diode is placed so that the incident pulse is not
blocked and the reflected pulse does not enter the diode. The position of the focus
lens and the diode can be adjusted to maximum the scatter signal.
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Figure 3.20: Schematic diagram of the experimental setup to measure the scatter
signal from the sample surface. L1 and L2 are positive lenses with focal length 100 mm
and 50 mm, respectively. The scatter signal is attenuated by neutral density filters.
The focus can be optimized on the photodiode by moving the photodiode along the
optic axis of the collection system and moving L2 laterally to the optic axis.

One typical scatter signal is shown in Fig. 3.21, in which there is a large spike in
the scattering signal, correlated with the peak in the transmission, followed by lower
signal. The initial time of damage td is marked by the onset in scatter which coincides
with the peak in transmission.

Figure 3.21: Example signal of one damage event from scatter (red) and transmission
(blue) photodiode with a dashed line marking the damage initiation time, td . The
onset of scatter is correlated with the peak position in transmission.
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A comparison of typical scatter signals of damage events in air and vacuum is
shown in Fig. 3.22. The scatter signal in vacuum only has one spike signal and
the spike is wider. The onset of the scatter is still correlated to the peak in the
transmission (not shown). The multiple spikes in air are due presumably to the
presence of an air plasma.

Figure 3.22: Scatter signal measured in air and vacuum. In air, the scatter signal has
an initial spike following by additional structure. In vacuum, the scatter signal has
only a single spike with comparable magnitude but longer in time when compared to
the spikes in air.

3.3.3

Time-resolved reflection

In the case of reflective optics, transmission cannot be used to measure the damage
initiation time. Reflection can be used instead.
Figure 3.20 is the experimental setup to measure the reflected signal from the
sample surface in the damage tests. The reflected beam is collimated and attenuated
before focusing into the diode. The position of the focus lens and the diode can be
adjusted to maximize the signal.
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Figure 3.23: Schematic diagram of the experimental setup to measure the reflected
pulse from the sample surface. The reflected is directed by a steering mirror into
a collimating lens L1 with 125 mm focal length. After attenuation by filters, the
reflected pulse is focused by lens L2 with 50 mm focal length into the fast photodiode.
L2 can be adjusted along two perpendicular directions and the diode can be adjusted
along the beam propagation direction.

Figure 3.24 shows the time-corrected reflection and transmission signals for one
damage event. The reflection signal is essentially identical with the transmission
signal. Thus the reflection can also be used to identify the initial time of damage.

Figure 3.24: The reflected pulse is essentially identical with the transmitted pulse.
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3.4

Resolving the damage initiation position within
the beam area

3.4.1

Identifying the initiation position with in-situ microscope image

In a LID test, the sample is illuminated with a single pulse with peak fluence large
enough to guarantee damage. When the damage occurs, there will be a jet of ejected
material from the sample surface, and light scattered off this plume can be used to
produce an image of the ejection in a microscope to identify initiation position within
the beam profile.
The microscope shown in Fig. 3.9 was developed to test damage in thin films,
but can be used for any transmissive optic. The laser-illuminated sample site is
focused and imaged by the in-situ microscope with NA=0.18, 14× magnification and
a working distance of about 10 mm. Typical images for damage in air and vacuum
are shown in Fig. 3.25. These appear as streaks originating from the initiation point
and expanding to the left.
The visible streak originates from laser light scattered off a jet of ejected material.
Fig. 3.26 illustrates the process of the image formation in the in situ microscope. On
the left of the streak, the expanding part of image stems from interaction of the jet
with air and is not visible when the experiment is performed in vacuum as shown in
Fig. 3.25 (b). The set-up of experiment in vacuum is shown in Fig. A.6.
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Figure 3.25: In situ microscope images for damage events in (a) air and (b) vacuum.
In vacuum the streak is short and only near point of initiation. In air, the streak
extends further to the left and grows in size as it goes out of the microscope’s depth
of field.

Figure 3.26: Diagram of microscope image formation.
The streak points to the initiation point within the in situ microscope image. The
orientation of the streak depends on the relative position of initiation to the beam
center. There often appears a mini-crater within the resultant crater, whose position
correlates with the streak origin in the in-situ microscope image. This mini-crater is
the result of action on the substrate due to momentum conservation during material
ejection. Figure 3.27 shows the streak orientation depends on the initial position
relative to the beam. Figure 3.28 shows an example of multiple initiations of damage
in vacuum. The three identified initiations from in-situ microscope have the same
relative position with the mini-craters in the Nomarski image of resultant crater.
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Figure 3.27: In-situ microscope images and the corresponding craters observed in
Nomarski microscopy. The orientation of streak depends on the relative position of
initiation to the beam center. The dashed ellipses indicate the beam radius (1/e2
intensity). (a) and (b) show an example where the damage initiated above the beam
center. (c) and (d) show damage initiated roughly at the beam center. (e) and (f)
show damage initiated below the beam center.
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Figure 3.28: Example of multiple damage initiations during a single pulse under
vacuum: (a) Nomarski image of crater and (b) the corresponding in situ microscope
image. There are three mini-craters in the resultant crater with the same relative
spacing of the three streaks in the in situ microscope image. The initiation points are
indicated roughly by the circles.

Before resolving where the damage is initiated within the beam spot, the beam
position needs to be identified in the in-situ microscope image, which will be explained
in chapter 4. In a LID test, an in-situ microscope image of every test site is recorded,
and closer inspection of the image provides the desired spatial coordinates (xd , yd ) of
the LID initiation point. Figure 3.29 shows how to find the initiation position from the
in-situ microscope image. Figure 3.29 (b) is the integrated curve of sectional image
around initiation and streak (dashed area in Fig. 3.29 (a)). By extrapolating the
curve to the background level, the cross point is the initiation position in x direction
xd . After finding the xd , we can plot the profile (Fig. 3.29 (c)) along y direction at
x=xd position. The peak of this profile will be the initiation position in y direction,
yd .
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Figure 3.29: (a) In-situ microscope image of one damage event. Dashed rectangle area
includes the initiation position. (b) A 1-d plot of the streak is created by vertically
binning the pixels in the rectangular area. The initiation position xd is taken as the
crossing of the two lines parallel to the linear linear portions at the two ends of the
data.(c) A slice of the vertical pixels at the location of xd . yd is taken as the peak
intensity.

Figure 3.30 (a) shows a resultant crater from one damage event with a minicrater in the beam area. As explained above, the mini-crater represents the initiation
position. Figure 3.30 (b) is the corresponding in-situ image of this damage. Based
on the procedure identifying the initial position, we can find the initiation position
relative to the beam position. This streak origin position correlates with the minicrater relative position.

Figure 3.30: (a) Nomarski image of crater of the damage event. The middle smooth
area is beam area and its size is determined by beam size. The mini-crater in this
area is initiation position. (b) In-situ microscope image. The dashed circle is beam
position identified before damage and red dot is initiation position identified from the
image.

Figure 3.31 shows a scatter plot of damage initiation sites for 159 tests on a Sc2 O3
film in air. These are overlaid on the beam profile to show their statistical distribution
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is centered about the beams peak fluence. From the highest fluence events which
should be clustered around the center of the beam, we estimate the uncertainty in the
position (xd , yd ) of about 3 um. The red error bars in the plot represent the standard
deviation of initiation distribution. It should also be mentioned that there are rare
events when we observed multiple jets from within the laser spot. The corresponding
Nomarski images then showed several mini-craters at the respective locations of the
jet origins. It may be that when damage is initiated at a particular site, the growing
plasma prevents initiation at other sites. Note that these rare multiple-initiations
events must be discarded for measurement of LIDTs, because there is no way as of
yet to identify the initiation times for the different jets.

Figure 3.31: Statistical distribution of initiation position relative to the beam. White
spots in the diagram represent damage initiation of 159 test sites on Sc2 O3 film. The
red bars is the standard deviation of initiation distribution. These spots are overlaid
upon the beam profile.

3.4.2

In-situ microscope images from other set-up geometries

In section 3.2.4, we discussed other possible set-up geometries, which are suitable for
tests of high reflection mirrors. For set up Fig. 3.13, we can use reflection or scatter
signal to find the initiation time during the pulse. Figure shows one example of in-situ
51

Chapter3. Spatial and temporal measurement of damage initiation
microscope image with this set-up. The same process as discussed in last section can
be followed to identify the initiation position.

Figure 3.32: In-situ microscope image of one damage event with set-up shown in Fig.
3.13.

To test a high reflector at normal incidence, we can use set-up shown in Fig. 3.14
with reflection or scatter signal to find the initiation time during the pulse. Figure 3.33
(a) is the image of damage on the thin dielectric film and (b) is the image of damage on
a metal plane. Both images have two streaks almost symmetrical to the beam position.
The right side streak is the scattered signal coming directly from the ejecting jet of
material we discussed in last section. The left side streak comes from the reflection
of that scattered signal from sample surface. The initiations can be identified based
similar process discussed in last section. More precise experiments can be done to
check the detailed information.
In Fig. 3.33, the ratio of average signal amplitude on left side and right side of
(a) and (b) are about 7 and 35, respectively. This can be explained by the different
reflectivities of the two sample surfaces. The reflection of 150 nm HfO2 thin film is
about 20%, while the reflection of the well-polished aluminum plane can be treated as
100%. Some other experimental images can be found in Fig. C.1, which can further
prove the left side streak is caused by the reflection from surface.
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Figure 3.33: In-situ microscope images from set-up for normal incidence optics shown
in Fig. 3.14. (a) is the image of one damage event on a dielectric film, while (b) is an
image of damage on a well-polished aluminum plate. There are two streaks almost
symmetrical to the beam position for both (a) and (b). The ratio of average signal
amplitude on left side and right side of (a) and (b) are about 7 and 35, respectively.
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Spatio-TEmporally REsolved
Optical Laser-Induced Damage
(STEREO-LID)
In the previous chapter, the experimental tools to resolve damage initiation both
spatially and temporally in a nanosecond pulse test were introduced. In this chapter, these are combined to describe the STEREO-LID (spatially-temporally resolved
optical laser-induced damage) testing method. First, the protocol, which includes
necessary calibration is presented. Secondly, the data analysis is described and the
product P (F ), the probability of measuring a damage fluence F , is introduced. Finally, a comparison is made to the ISO protocol. The relationship between the P (F )
and the traditional damage probability P̃ (F ) produced by the ISO protocol is shown.
STEREO-LID is shown to reproduce the results of the ISO protocol more accurately,
and provide information of the lowest damage fluence (or intensity) and defect density
retrieval.
A discussion of the accuracy of STEREO-LID is included.
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4.1

STEREO-LID

4.1.1

Implementation

From the discussion in the last chapter, we are able to identify both of the temporal
and spatial initiation during the damage event. Based on the simultaneous detection
of the temporal onset of damage during the pulse and spatial location of LID initiation within the beam spot, the new technique of pulse LID material characterization
is developed, named Spatio-TEmporally REsolved Optical Laser Induced Damage
(STEREO-LID).
Figure 4.1 shows the experimental implementation of STEREO-LID, including
only the primary setup and equipment, not all the details which are already shown
in the last chapter. The laser pulse comes out from the laser on the left and its
energy is set by the attenuator. Fast photo-diodes are used to detect the laser pulse.
PD1 is a reference diode used to set and monitor the incident laser pulse. PD2 is
transmission diode used to measure the transmitted pulse through the sample. PD3
is the scatter diode used to measure the scatter signal from the sample surface. The
in-situ microscope is used to image the scatter signal from the sample surface. The
beam profiler monitor is used to monitor the beam position.
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Figure 4.1: Schematic diagram of the STEREO-LID measurement. The onset of
laser-induced damage is determined by both a drop in transmission in PD2 and a
spike in scattered light in PD3. The location of damage initiation is determined by
an image of light scattered off the ejected jet from surface. By following the streak
image, the damage initiation location can be identified.

Before the STEREO-LID test, the sample surface needs to be adjusted to the
focal plane of the incident laser pulse which is already described in the last chapter.
The fast photo-diodes require alignment and enough filters so that they operate in
their linear range. The in-situ microscope also needs to be adjusted to focus on the
sample surface at the beam position. A laser-induced damage crater can be used to
adjust the microscope by finding and focusing on the crater.
In order to detect the temporal and spatial information simultaneously during the
damage test, the experimental systems need to be synchronized. The laser system
provides output trigger signal. Connect this trigger signal to a pulse generator in
external trigger mode. The pulse generator will produce two pulse trigger signals
with certain time delay and duration which can be set and adjusted. One generated
trigger signal is sent to the in-situ microscope CCD to control the exposure time and
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duration, see chapter 3. Another generated trigger signal is sent to a power-supply
which is connected to an electromechanical shutter. By adjust the shutter open time,
one can obtain single pulse (or more pulses) each time. Three diodes are connected
the same oscilloscope, which is described in the last chapter. The oscilloscope uses
single pulse mode and is set with proper trigger level. When the pulse comes into
the three diodes, the signals will be measured by the diode and acquired by the oscilloscope. Beam-profiler monitor (CCD) is set with a proper internal trigger. Only
when there is a beam coming into profiler, the image will be taken.

4.1.2

Test procedure

Calibration The first step in the STEREO-LID test is calibration of pulse energy
and reference diode PD1 which is shown in Fig. 3.4. The details of calibration is
described in 3.2.1. After calibration, PD1 is used to set and monitor the incident
pulse energy.

Beam location identification In order to find the initiation position relative to
the beam position, we need to find both initiation and beam position. Thus, the
second step in the test is to identify the beam location (in the in-situ microscope
image). There are two methods used for identification of beam location. One method
is illuminating the sample with low incident fluence and imaging the beam scatter
from the sample surface with the in-situ microscope, as shown in Fig. 4.2 and 4.3.
Due to interference, a speckle pattern results from any given position and images
from different site positions are averaged to get more clear and accurate image. Figure 4.2 (b) shows that 9 sites scatter images (spacing 30 µm) are taken for beam
identification at one position on the sample. After identifying the beam location at
three position on the sample, the beam location at any site on the sample can be
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predicted (Fig. 4.2 (a)). Figure 4.3 is one example to identify the beam position by
imaging the average scatter from 9 positions spacing 30 µm. This method is direct
and precise. But in order to get more clear and accurate images of the beam, long
illumination exposure time (normally longer than 1s, 10 pulses) and not too low incident fluence are needed, which has more risk damaging the sample during this process.

Figure 4.2: (a) Locations where the beam position in the in situ microscope is determined. Given these three spots, the location of the beam can be identified for any
other location on the sample surface. (b) Arrangement of 9 locations averaged in
order to reduce the effect of laser speckle on the scattered beam image.

Figure 4.3: (a) Microscope image of scattering light from sample surface below the
damage threshold. The image is an average of 9 nearby locations (30 µm spacing)
in order to reduce laser speckle. (b) Integral of the image over y direction show the
beam profile in x direction. By fitting with Gaussian profile, the beam center and
waist can be obtained. (c) Integral of the image over x direction.

Another method to identify the beam location is making the sample surface plane
parallel to the sample stage moving plane before testing so that when the test site
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(sample position) is changed, the beam location is not changed in the in-situ microscope image. Figure 4.4 (a) shows one set-up (microscope in the front of sample) to
adjust the sample surface parallel to the stage moving x and y direction. For this
microscope, the depth of field is smaller than 5 µm and the working distance is about
1 mm. The light from simple light source (like flashlight) transmits the grating (other
objects are possible) and the objective and is reflected from the sample surface. The
reflection from sample surface will be reflected by the beam splitter into the eyepiece.
From the eyepiece, we can find the clear image of grating by adjusting the sample z
position. In order to make the sample parallel to the stage moving x and y direction,
adjust the knobs on the mount of the sample slightly to keep the image in the eyepiece clear when moving the sample along x and y direction. Figure 4.4 (b) shows
that the divergence between sample surface and stage moving x direction will introduce a beam location shift on the in-situ microscope image when change the sample
position. Based on the geometry relation, the 5 µm depth of field will cause about
3.6 µm beam location uncertainty on the in-situ microscope image when moving the
sample position from one side to another (about 20 mm).

After STEREO-LID test identifying the initiation for every test site, the mass
center of initiations of all test sites can be used as beam center. From the simulation
of initiation distribution (Fig. 4.11), the mass center of 100 initiations has a standard
deviation of about 0.8 µm from the beam center.
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Figure 4.4: (a) Imaging system to level the substrate to within 5 µm. The system
makes an image of a test pattern (a lithographic grating) into the eyepiece using the
sample as a mirror. A microscope objective with numerical aperture focuses the light
onto the sample surface and collects the reflected light. The image in the eyepiece
is only sharp when the sample surface is within roughly 5 µm of the objective focus.
By tilting the sample such that the image is sharp for any position of the sample,
then the surface is aligned to the direction of the sample translation. (b) the effect of
sample tilt with respect to the translation axis. If the sample surface (dashed line) is
not parallel to the translation axis (solid line) then as the sample is moved the sample
plane moves with respect to the laser focus (red arrow). This results in a shift of the
beam spot in the in situ microscope image.

Beam location correction from beam profiler In the beam position identification explained above, the beam position is an average position. Since the laser
exhibits beam pointing instability, the accuracy can be improved if we can monitor
and correct the beam position change from pulse to pulse.
In order to measure the shift of the beam for a given pulse, the average position
of the beam in the beam profiler must be determined. Figure 4.5 (a) shows that the
beam reflected from beam sampler is focused into beam profiler (CCD) with a 1 m
lens. Adjust the beam profiler position so that the beam image has the max signal to
ensure the beam profiler is monitoring the beam at the focus. Figure 4.5 (b) is one
example of beam profile image of single pulse, from which the beam position in beam
profiler can be found. The average beam position in beam profiler can be found with
multiple pulses images. During the damage test, the beam profile image is recorded
for every test site so that the beam shift can be corrected. Figure 4.5 (c) shows beam
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position shift in beam profiler from pulse to pulse. Note that since the focal length of
L1 and L2 (Fig. 4.5 (a)) are different, conversion (5:1) between beam profiler image
shift and beam location shift on the sample surface is needed. Figure 4.5 (c) indicates
the standard deviation of beam location change on the sample surface is about 0.8 µm.

Figure 4.5: (a) Schematic diagram of set up for beam profiler to monitor and correct
the beam shift from pulse to pulse. L1 is a 1000 mm lens to focus the beam into the
beam profiler and L2 is a 200 mm lens to focus the beam on the sample surface for
damage test. Because of this difference in the focal lengths, the shift of the beam in
the beam profiler is 5 times greater than the actual shift of the beam on the sample
surface. (b) One example image of beam profiler at the focus of 1000 mm lens. (c)
Data points represent the single pulse beam center of beam profiler images. The
root-mean-square of beam position is about 4 µm.

Damage testing The next step is to use single pulse with different incident fluence
illuminating the sample in order to roughly find the fluence which can be guarantee
damage. Then use this incident fluence for STEREO-LID test of every test site. The
separation of each site is 1.5 mm to avoid contamination due to deposition of ablation
debris. For a typical one-inch-diameter sample, there will be about 150 to 200 test
sites. In the damage test, every site is damaged with the same incident fluence. Then
the in-situ microscope image and diode’s oscilloscope traces will be recorded for each
damage event. As a summary, the recorded data for every site is listed in Table 4.1.
With this information, further analysis can be done as listed in Table 4.1 and shown
in next section.
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Recorded data
beam profile monitor images
test site position on the sample
in-situ microscope images
PD1, PD2, PD3 signals

Analysis
beam shift correction
beam location
location of initiation
incident energy and initial time of damage

Table 4.1: Recorded data for every test site in STEREO-LID test.

4.2
4.2.1

Data analysis
Determining the damage fluence and intensity from individual STEREO-LID measurements

Based on the information recorded of every test site (Table 4.1), we are able to do
further analysis. The relationship between the damage initiation time td and the
damage fluence and intensity is illustrated in Fig. 4.6. The intensity I(td ) at td is the
intensity at the beam center when the damage occurs. The integrated area up until
td represents the fluence at the beam center when the damage occurs, given by the
symbol F (td ).

Figure 4.6: Relationship between the damage initiation time td and the damage
intensity and fluence. The red line shows an example transmission curve obtained
during a STEREO-LID measurement. The black dashed line is the reference pulse.
The intensity I(td ) is the intensity at beam center when the damage occurs. F (td ),
the fluence at beam center when the damage occurs, is the integral of the curve up
to td .
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The initiation position (xd , yd ) within the beam spot can be identified. Figure 4.7 shows the analysis of the initiation location for every test site measured from
STEREO-LID tests with single pulse for each site. Using (xd , yd ), a correction factor
is obtained that accounts for the local intensity (fluence) of the beam.

Figure 4.7: (a) STEREO find initiation position (xd ,yd ) of every test site with one
single pulse; (b) Correct the F (td ) and I(td ) with the Gaussian position factor.

With both temporal and spatial information, we can calculate the actual damage
fluence or intensity of every test site, as
−2(

Fd = F (td )e
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Id = I(td )e
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At the end of one STEREO-LID test, we obtain for each test site the information
illustrated in Table 4.2. The labels t1 , t2 , ..., and (x1 , y1 ), (x2 , y2 ), ..., represent the
measured on-set time and initiation location of each test site. The labels F1 , F2 , ...,
and I1 , I2 , ..., represent the actual damage fluence or intensity of the defect that
initiated the damage at each test site.
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Test site
Site1
Site2
...
SiteN

Initial time
t1
t2
...
tN

Initial position
(x1 , y1 )
(x2 , y2 )
...
(xN , yN )

Damage Fluence
F1
F2
...
FN

Damage Intensity
I1
I2
...
IN

Table 4.2: Data collected during a STEREO-LID measurement.

4.2.2

Probability of certain damage fluence

As described in last section, for each test site the values td , xd , yd , Fd , Id are recorded.
After dividing the fluence (intensity) scale into M bins, these data can be used to
produce a probability P (Fi ) of detecting a defect characterized by fluence Fi . Figure 4.8 shows how to use STEREO-LID measurement results to get the probability
P (Fi ).

Figure 4.8: Diagram of how STEREO-LID measurement get the probability of damage on certain defects that are characterized into M groups based on the damage
Fluence Fd . The blue ‘X’s represent individual damage events that occurred at that
fluence along the horizontal scale. The scale is split into M bins, labeled F1 , F2 , ..., FM .
The events are then counted to produce the histogram shown as a bar chart. Dividing
by the number of events m in a given bin by the total number of events N then yields
P (Fi ), the probability of observing damage at a fluence in the bin i.

Proper bin width is needed to obtain P (Fi ). Smaller bin width provides more
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detail into the shape of P (Fi ), but at the cost of larger uncertainty. Larger bin width
provide better accuracy but may lose some detailed information. Choosing different
bin widths for P (Fi ) is also possible. The choice depends on how the individual events
are distributed along the fluence scale.
The selection of spot size will also affect the resultant P (Fi ). Larger beam spot
will cause more damage events to be detected at low damage fluence, which will
increase the precision of characterization on low damage fluence defects but decrease
the precision on high damage fluence defects. Smaller beam spot is more suitable
when the characterization of defect overall distribution is the goal.
To have a better understand the meaning of P (Fi ) and the difference between the
ISO test result and STEREO-LID results, Fig. 4.9 shows the relationship between
P (Fi ) and P̃ (F0 ), where F0 is the peak incident fluence. The traditional LID test
measures the probability of damage as function of peak incident fluence. Because the
traditional tests only records whether or not damage occurred, the result includes
the effect of all defects with damage fluence below F0 . STEREO-LID test is able
to resolve the probability of damage on the individual defects characterized by their
damage fluence or intensity.
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Figure 4.9: Caculated damage probability vs. incident fluence for a film with constant
defect density distribution. The damage probability P̃ (Fi ) is the sum of components
from all defect classes, which is shown as the solid line. P (F1 ), P (F2 ), P (F3 )... is
individual damage probability on each defect class with damage Fluence F1 , F2 , F3 ....
The ISO procedure records only the solid line, while STEREO-LID is able to resolve
the individual defects’ probability at F0 .

4.3

Monte-Carlo Simulation of damage tests

This section will describe how to use Monte Carlo simulation (MCS) to simulate the
single pulse damage tests, as shown in Fig 4.10. The MCS will allow us to compare
STEREO-LID measurements with traditional ISO damage tests in terms of accuracy
and additional information gained, which will be shown in the next section. The
MCS can also obtain “experimental” data for the characterization of defect densities
distribution, which will be explained in next chapter. We will use fluence data, but
an analogous case can be made using intensities.
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Figure 4.10: Diagram of Monte-Carlo Simulation of laser-induced damage initiated
from two kinds of defects. Define one sample with size of xmax and ymax and area
A. Two types of defects are defined with different damage fluences F1 and F2 as
well as density ρ1 and ρ2 . A total of Aρ1 and Aρ2 defects of each kind (blue and
red, respectively) are distributed at random over the area of the sample. Finally, an
area of array of test sites (dashed circles) are placed on the sample and damage is
evaluated at each site depending on the incident fluence F0 .

Step 1: A sample is defined in terms of its defect density distribution and associated LIDT fluences (or intensities). That is, we assume certain values for Fi , ρi , and
the number of different defect groups Md . The LIDT of the intrinsic material is FM .
Step 2: We determine the coordinates (xi,k , yi,k ) of defects from each group i,
where k = 1, 2..., Vi and i = 1, 2..., Md . The x, y coordinates are drawn randomly
from an interval (xmin , xmax ) and (ymin , ymax ), respectively, where the boundaries are
determined by the sample area to be tested. The total number of defects in each
group, Vi , is determined from the assumed defect density ρi , Vi = Aρi . Here, A is the
total sample area under consideration.
Step 3: Assuming a Gaussian input beam profile and pulse envelope we simulate
N excitation events. Similar to a real experiment, we place the laser spot on a grid
with sites separated by a certain distance d. In practice, the spot separation d has
to be large enough to avoid cross-contamination from ablation debris. Since we know
all the information of defined sample from step 2, we are able to determine not only
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whether the damage occurs on one test site but also which defect within the probed
area damages first if any, and produces STEREO-LID test result (xd , yd , td ) and the
damage fluence.
Step 4: We repeat this procedure N times to obtain an N -component vector of
damage fluences. After appropriate binning into M fluence groups, the P (Fi ) = ni /N
can be determined, where ni is the number of events in bin i. Note that M and
the width of the individual fluence bins are determined based on the distribution
of observed damage events in the interval [Fmin , Fmax ]. This will be a compromise
of energy resolution and number of events in each bin, the latter controlling the
statistical accuracy of the retrieved densities. Consequently, M − 1 6= Md , where
the latter was used to characterize the assumed defect distribution in terms of ρ̄(F ).
For comparison purposes and to address the accuracy of the retrieval, we will assume
identical bin widths.
Step 5 For comparison purposes, we also determine the probability P̃ (Fi ) that
damage occurs if a pulse of peak fluence (at beam center) Fi is incident, which one
measures in the TDT. The data are used to calculate the outcome of a TDT. Now
we assume that the N sites are tested with nF different fluences used nt times each
so that nt nF = N . If we observe nd,i damage events for an input fluence Fi , the
probability that damage occurs is P̃ (Fi ) = nd,i /nt . Note the different meaning of P
and P̃ , which is explained in last section.

Figure 4.11 (a) is the distribution map of initiations from MCS simulated STEREOLID test. Fig. 4.11 (b) shows the mass center position of 100 initiations is very close
to the beam center and has a standard deviation of about 0.8 µm.
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Figure 4.11: (a) Initiation distribution around the beam from MCS of 2000 test sites.
(b) The black points are the center of masses for 100 member subsets of the total
2000 tests. The red point and error bars are the average of the black points and their
standard deviations, respectively.

4.4
4.4.1

STEREO-LID accuracy
Measurement accuracy

STEREO-LID is able to resolve the temporal and spatial information simultaneously,
which will provide the actual damage fluence or intensity for every test site with one
single shot, as we discussed previously. STEREO-LID test has several advantages
over the traditional LID test, which will be introduced in next two sections.
The accuracy of STEREO-LID measurement is determined by how well it can
identify the on-set time and initiation position within the beam spot. This includes
two considerations.
First one is the experiment conditions. We have already explained our setup to
monitor and correct the fluctuation of the laser incident pulse energy and the shift
of the beam position from pulse to pulse, by using reference diode and beam profiler
monitor. We can locate the sample at the focus plane with a range smaller than 1 mm
and the Rayleigh range is about 2 mm.
Another consideration is how well we are able to find the on-set time and initiation
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from the measured transmission signal and in-situ microscope image. The temporal
resolution of the temporal detection system is about 200 ps. We can use transmission,
scatter and reflection diodes to find the initial time of damage, see chapter 3 for details.
The identification of beam location has an error of about 0.8+1.7=2.5 µm, in which
0.8 µm is the uncertainty of mass center of 100 initiation distribution and 1.7 µm is
the beam position uncertainty when moving the test site on the sample. Therefore,
the uncertainty of identified initiation position is about 2.5 µm.
Another thing, which is not able to be resolved currently, is the standing wave
in the thin film. The standing wave makes the electrical field in the thin film not
constant. Appendix shows the relation between electrical field amplitude through the
thickness of films. This relation will result in the same type defect being detected
different damage fluence, which will affect the characterization of defects.

4.4.2

Statistical uncertainty in P (Fi )

Section4.2.2 explained how P (Fi ) is obtained from STEREO-LID measurements and
discussed the effect of bin width on the uncertainty. The basic reason is that the
statistical accuracy of the P (Fi ) is determined by the number of events detected in
the bin characterized by damage fluence Fi . To have a better understanding of the
damage probability behavior and uncertainty, we use simulated experiments to show
the statistical uncertainty of the probability.
Figure 4.12 is simulated experiments with constant defect density (ρ(F)200 mm−2 ).
It includes 100 independent simulated experiments, each of which contains 169 test
sites. With the same density, defects with lower damage fluence are more likely to
be probed in the STEREO-LID. As a result, the probability of low damage fluence
defects will be larger. The detailed mathematical reason will be derived in next
chapter.
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Figure 4.12: (a) is plot of P (Fi ) from simulated experiments, in which the black
bins are the exact probability and red bins are corresponding simulated probability.
Each simulated experiment has 169 test sites. With 100 simulated experiments, the
standard deviation of the probability can be obtained as shown in the error bars on
red bins. (b) is the amplitude of the standard deviation of P (Fi ). Blue triangle data
points are from simulated experiments (also shown in (a) as error bars), while the red
circle points are calculated from Eq. (4.3).
Figure 4.12 (b) shows the amplitude of the standard deviation of damage probability, in comparison of simulated results and theoretical predictions. The theoretical
standard deviation calculated with consideration that the measured probability is a
random variable of normal distribution. The standard deviation σP can be expressed
as [62, 63]
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(4.3)

where N is the total tested sites.
From this relation, we can get the relative variance of the probability
σP
≈
P
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(4.4)

Equation (4.4) indicates that the higher probability, the more accurate the result is.
In another word, the more damage events detected in one bin, the more accurately this
bin is measured. The relative uncertainty determines how well we can retrieve defect
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density distribution from measurements. We will discuss it again in next chapter.
Thus, to improve the accuracy of the measured probability P (Fi ), we need to
choose proper bin width or increase total test sites number so that there are enough
damage events in each bin. And we can approximate the uncertainty for measured
P (Fi ). For example, when the beam spot size is larger, the probability of low damage
fluence defects will increase. Then we know that with larger beam spot size, we can
measure more accurate probability of low damage fluence defects with the same total
test sites number.

4.5

Comparison of STEREO-LID to the ISO procedure

As mentioned in the last chapter, STEREO-LID is superior to the traditional ISO
damage test in several aspects. Traditional damage Tests (TDT) only record whether
damage or not for a certain incident fluence, missing the temporal and spatial information which makes the actual damage fluence much different from the incident
fluence. STEREO-LID is able to simultaneously resolve when during the pulse and
where within the beam spot the damage occurred by using one single pulse for every
test. STEREO-LID is able to resolve the probability of damage on different defect
characterized by their damage fluence.
The advantages of STEREO-LID test can be summarized as:
• Reproduce ISO test result P̃ (Fin ) much more accurately
• Identify those defects with the lowest damage fluence
• Retrieve defect density distribution characterized by their damage fluence (or
intensity)
• Can be used to test the scaling of current ns damage mechanisms.
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4.5.1

STEREO-LID reproduces P̃ (Fin ) more accurately

We use MCS to simulate the STEREO-LID tests and ISO tests on the sample containing two types of defects of density, ρ1 =0.1ρ2 =440 mm− 2 and damage fluences
F2 =7F1 =700 J/cm2 . Figure 4.13 and 4.14 compare the outcome of a traditional ISO
damage tests (TDT) and that of STEREO-LID tests for the determination of the
damage probability P̃ (F ). Because of the limited but realistic sample size, each MCS
of the TDT produces a different P̃ (F ) distribution, with three examples shown in fig.
4.13. Obviously, each data set resembles the true probability only vaguely.

Figure 4.13: MCS results of TDT with 100 test sites in total. The solid line represents
the true damage probability curve from the two defects with damage fluence 100 and
700 J/cm2 . Each symbol represents the outcome from 100 test sites. The threshold
for intrinsic damage is FM =1300 J/cm2 .
In contrast, STEREO-LID data from 100 test sites reproduce the true P̃ (F ) with
good precision, shown in Fig. 4.14. Based on STEREO-LID result (xd , yd , td , Fd , Id )
for every test site, damage or not damage can be determined for a certain incident
fluence. If the local fluence (can be calculated from Fin ) is larger than Fd , this test
site will be damaged with the incident fluence Fin . Every test site can be checked
whether it will be damaged with the incident fluence Fin . Then the P̃ (F ) result can
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be obtained from STEREO-LID data.

Figure 4.14: MCS of STEREO with 100 test sites in total. Each symbol represents
one outcome from 100 test sites.

To obtain a similar aggreement with TDT data, one needs to test a prohibitively
large number N of sites. Since we obtain a damage fluence with each shot using
the new technique, to first order, we need only nF sample sites for STEREO-LID to
obtain P̃ (F ) with similar precision as from nF · nt for TDT test.

4.5.2

STEREO-LID can find the minimum Fd more accurately

STEREO-LID is advantageous in identifying those defects with the lowest damage
fluence that will ultimately limit the possible power and pulse energy handling of the
optical component. The onset fluence is determined by the defects with the lowest
damage fluence. With the traditional damage test the onset fluence corresponds to
zero damage probability. It is obtained either by extrapolating a fit of the measured
P̃ (F ) to zero probability, or by using binary search methods to measure the lowest
fluence of damage. Even though a low damage fluence defect is probed the actual
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LITD Fmin is only obtained by a statistical extrapolation of P̃ (F ). STEREO-LID,
on the other hand, gives the damage fluences of the weakest defect probed directly.
Figure 4.15 is the experimental results of both TDT and STEREO-LID test with
the same number of test sites, N =110. The tested samples are 131 nm thick film of
Sc2 O3 prepared by IBS deposition. The traditional (ISO) damage probability P̃ (F )
is shown as red circular data points. Ten test sites were performed at each of 11
different incident fluences [35].

Figure 4.15: Comparison of TDT and STEREO-LID characterization of a Sc2 O3 film
using 110 sites each. The damage probability P̃ (F ) of the TDT is shown in circles up
to fluence values of 800 J/cm2 (the inset shows complete P̃ (F ) curve, the solid line is
a guide to the eye). Linear extrapolation estimates a fluence of 130 J/cm2 where the
probability of damage is zero. The squares depict P (F ) the probability of exciting a
defect of fluence F (see text), measured with STEREO-LID.
In STEREO-LID, the lowest fluence defects have the highest probability for detection. This true for two reasons:
1. Because of the Gaussian beam profile, the active area (where the fluence exceeds
the LIDT) for low fluence defects is larger than for high fluence defects.
2. In cases where two or more defects are active within the laser beam spot, the low
fluence defect is more likely to initiate first and be detected by the STEREOLID measurement.
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4.5.3

Defect density retrieval

The damage probability of incident fluence of the TDT has been used to characterize
defect density distribution, ρ̄(F ), by fitting to model distributions [34]. ρ̄(F ) is the
defect density on the fluence scale. STEREO-LID data enables the retrieval of defect distribution functions without any a priori assumptions about their shape. The
relationship between ρi and P (Fi ) is

P (Fi ) =

MX
−1−i

(

n=0

ρi
ρ(T,i+n)

s·ρj
i+n 
Y
Fi
j=1

Fj


×

Fi
F(i+n)

s·ρ(T,i+n)


−

Fi

s·ρ(T,i+n) )
,

F(i+n+1)

(4.5)

which is valid for all i = 1, 2, ...(M − 1). (Note: s = πw2 /2 and ρ(T,i+n) =

Pi+n

j=1

ρj ).

This equation will be derived in the next chapter. Based on their relationship, the
ρ̄(F ) can be obtained from STEREO-LID measured P (Fi ). For each bin of width
4Fi , a class of defects with threshold Fi is characterized by an average density,
ρi = ρ̄(Fi ) · 4Fi .
With STEREO-LID test, films can be characterized with these defect densities,
which together with characterization of fluence scaling can be used to explore the
physical mechanisms of LIDT and the nature of the defects controlling the optical
performance. The results can be used for material characterization and to guide coating and deposition improvement for high-power laser applications.
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Defect density retrieval from
STEREO-LID data
In this chapter, the relationship between STEREO-LID data, i.e. P (F ), and the
defect density distribution function ρ(F ) is presented. While P (F ) depends on testing
conditions, such as spot size, the function ρ(F ) is a true characterization of the
optical coatings/surface. First, a derivation of the P (F ) from an arbitrary defect
density is presented. This is based on the probability of exciting a defect with a
particular damage fluence in the presence of an ensemble of other defects. Previously,
simple defect ensembles had to be assumed in order to derive defect densities from
the experimental results of TDTs [16, 21, 9]. After the derivation, the relationship
is confirmed through Monte Carlo simulations, and then the effect of experimental
uncertainties on the retrieved defect densities is explored.
In the second half of this chapter, a demonstration of the method is given through
the retrieval of defect densities from a variety of important high index optical coatings.
In the first case, the defect densities in different oxide materials are compared. In the
second case, films of HfO2 , the most important high index coatings for pulsed laser
applications, prepared by different processes are compared.
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5.1

Relation between defect density and probability

Let us assume that N sample sites are tested with STEREO-LID, each of which yields
one actual damage fluence (and intensity) of a defect. Thus, the outcome of such a
measurement is a vector of measured damage fluences with N components. The
fluence values range from Fmin to Fmax . The next step (shown in previous chapter) is
to properly bin the damage fluences from this interval into M groups and assign an
average fluence Fi to each bin with ordering according to Fi < Fi+1 . Let n(Fi ) = ni
be the number of damage events that resulted in a fluence that belongs to bin i. The
probability that a measurement will produce Fi is then

P (Fi ) =

n(Fi )
N

(5.1)

Bin i = M contains events that we consider to be intrinsic. That is, damage is
originated in the intrinsic material and not at a defect site. Each bin i stands for a
group of defects that have a similar LIDT. The number of bins M and their width
4Fi should be chosen so that the ni values are large enough to keep statistical errors
acceptable.
The problem to be discussed first is how to determine a set of defect densities ρi
(one for each bin) that approximates the defect distribution ρ̄(F ) from the experimentally determined P (Fi ) values, where ρi and ρ̄(F ) are related by

ρi = ρ̄(Fi )4Fi

(5.2)

The goal of the first section is to find the mathematical relationship between P (Fi )
and ρi .
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5.1.1

The Poisson distribution

The only basic assumption of this model is that all the defects in optical films and
surface are treated as randomly distributed points. The probability of finding a
certain number of defects in a certain area is described by the Poisson distribution
[22]. According to the Poisson distribution, the probability to find m defects in a
circle (shown in Fig. 5.1) of radius r when the defect density is ρ can be written as:
m

(ρπr2 ) −ρπr2
P (m, ρ, r) =
e
m!

(5.3)

Thus, the probability to find at least one defect in this circle is

P (ρ, r) = 1 − P (0, ρ, r) = 1 − e−ρπr

2

(5.4)

Figure 5.1: The Poisson distribution describes the probability of finding a particular
number of defects in a given area. The blue area represents the sample surface and
the black dots are randomly distributed defects. The red area represents the area of
an illuminating laser beam with sufficient fluence to initiate damage at the defects.

In order to deal with more complicated cases shown in next sections, we can write
the differential probability as

p(ρ, r)dr =


d
2
P (ρ, r) dr = 2ρπre−ρπr dr
dr

79

(5.5)

Chapter5. Defect density retrieval from STEREO-LID data
which gives the increase in the probability if a circle of radius r is expanded by dr.
Then integration over radius will give us the damage probability on the defect.
Figure 5.2 shows the comparison of simulation and Poisson distribution indicating
that the number of defects satisfy Poisson distribution. The simulation is achieved
with Monte-Carlo simulation, explained in chapter 4. A sample is defined in terms
of its defect density. Then we determine the coordinates of every defect by randomly
drawing from an interval. The interval represent the sample area. The total number
of defects is determined from the assumed defect density multiplied by the total
sample area under consideration. Then a certain area circle is randomly placed on
this sample. The number of defects in the area is shown in this plot.

Figure 5.2: MCS of the Poisson distribution. The sample is defined by one kind of
defect randomly distributed with a certain density. 150 sites and 1500 sites are arranged on this sample. By counting the number of defects in the sites, the probability
can be obtained. The result agrees well with the Poisson distribution.

5.1.2

Relation of P (Fi ) and ρ(Fi )

Since the beam intensity on the sample surface has a Gaussian distribution, the
local intensity or fluence vary for different relative positions to the beam center.
With a certain incident fluence laser pulse illuminating the sample, defects will be
activated (initiate damage) when they are located in a circle of radius R in which
the local fluence exceeds the damage fluence Fth of the defect. From the requirement
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Fth = F0 e−2R

2 /w 2

, we obtain the radius of the active area (see also Fig. 5.3)

1
R = w2 ln
2
2



F0
Fth


.

(5.6)

Lower damage fluence defects have larger active areas.

From Eq. (5.4) and

Eq. (5.6), we find the probability that damage occurs is a function of F0 and Fth ,
and has the form

P (F0 , Fth , w) = 1 −

Fth
F0

sρ
,

(5.7)

where s = πw2 /2.
The discussion above only involves one single type of defect with one damage
threshold. In reality, there are different types of defects distributed in the film. Their
damage thresholds are different and so are their active areas. Thus, it is a complicated
nonlinear problem to determine the damage probability of one type defect when
considering different types of defect distributions.
If we consider defects of type i (LIDT fluence Fi ) located in an annulus of radius
ri and incremental thickness dri . The probability to find such a defect according to
Eq. (5.5) is
2

pi (ρi , ri )dri = 2ρi πri e−ρi πri dri .

(5.8)

For the example of only one type of defect,

R Ri
0

pi (ρi , ri )dri reduce to Eq. (5.7), where

Ri is the radius in which the local intensity exceeds Fi .
In reality, there are many different types of defects which will make the calculation
complicated. To determine the probability that such a defect is seen in a damage test,
we need to include the probability of finding at least one defect i in active area, which
is equivalent to ri ≤ Ri . We also need to exclude the probability of other types defect
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or intrinsic damage event being detected in the test at the same time.
Thus the (differential) probability that such a defect is seen in a damage test if
the incident fluence is large enough can formally be written as

dPi,d = pi (ρi , ri )dri P̂ (ri , j 6= i)P̂M (ri ).

(5.9)

Here, P̂ (ri , j 6= i) is the probability that none of the other defects (j = 1, 2...M − 1
but j 6= i) is detected in the test and P̂M (ri ) represents the probability that intrinsic
damage does not occur.
In the following discussion, we can drive the expression of P̂ (ri , j 6= i), P̂M (ri )
and insert them into Eq. (5.9). We are able to get the total probability that this type
defect is seen in one probed site of STEREO-LID test.

Probability of damage at defect i in the presence of defect j
We now turn to a derivation P̂ (ri , j 6= i) from Eq. (5.9). As an intermediate step,
we firstly consider only two defect types and determine the probability that a defect
of type i is probed if a second type of defect j is present. A defect of type j (LIDT
fluence Fj , density ρj ) with radius coordinate r is not active in the presence of a
defect of type i at ri if the onset time of damage tj > ti or if defect j is outside the
its active area, that is r2 >

w2
2

ln(F0 /Fj ), Eq. (5.6).

The problem is illustrated in Fig. 5.3 for the case of a Gaussian beam profile. The
red and purple circle represent the active area of defects of type i and j, respectively.
In this case, there are three defects of type i and two defects of type j located in
their active area. To determine the probability that defect i is detected, we need to
know the condition that a defect of type i initiates damage before any defect of type j.
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Figure 5.3: Diagram of two types of defects i and j with different damage
Fluence(Fi ,Fj ) randomly distribute in Gaussian beam. The red and purple colored
circle is the active area in which the fluence exceeds the damage fluence of Fi and Fj .
The diagram on the right shows the defects in the active area. Since there are active
defects of both types, damage depends on the temporal order when the defects reach
their respective damage fluences.

The intensity of laser beam on the sample surface is a function of time and space.
2

−2 r 2

I(t) = I0 e

w0

f (t),

(5.10)

where f (t) represents the intensity time dependence, I0 is the peak intensity and r
is the position relative to beam center. Thus, for different positions in the beam the
intensity has different values, as shown in Figure 5.4. In this example, even though
a defect of type j lies closest to beam center, the defect of type i will initiate the
damage it reaches the damage threshold first.
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Figure 5.4: This diagram illustrates the determination of damage initiation by the
temporal requirement ti < tj . The red and blue traces represent the local intensities
at the two defects of type i and j closest to the beam center. The shaded areas
indicate the damage fluences Fi and Fj . From this example, we can see that even
though a defect j is located closer to the beam center, the defect of type i will initiate
damage first.

In order to explain this in a mathematical way, we start from the damage fluence
of defects. The damage fluence of one defect of type i can be expressed as
ti

Z

I0 e

Fi =

−2

ri2
2
w0

f (t) = e

−2

ri2
2
w0

Z

ti

I0 f (t).

(5.11)

0

0

This equation can be converted to
2

Fi e

ri2
2
w0

Z

ti

I0 f (t).

=

(5.12)

0

in which, left side includes only the damage fluence and the initiation position, while
right side depends only on the initiation time ti and the pulse temporal profile.
This relationship allows us to convert the temporal condition (i.e. ti < tj ) to a
spatial requirement. In other words, the condition that a defect of type i is detected
in presence of a defect of type j is
2

Fi e

ri2
2
w0

< Fj e

2

rj2
2
w0

.

(5.13)

This can be expressed as a condition on the defect coordinate rj for which the
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defect of type j is not active

rj2

>

ri2

w2
+
ln
2



Fi
Fj


.

(5.14)

When this equation is satisfied, damage at the defect of type i will be observed.
Therefore, in presence of defect of type i and j, defect of type i is probed if there is
no defect of type j in a circle of radius R̂j,i (ri ), where
2

R̂j,i (ri ) =

ri2

w2
+
ln
2



Fi
Fj


.

(5.15)

Note that ln(Fi /Fj ) can be either positive or negative.

Figure 5.5: This diagram shows the condition for a defect of type i (red dot in the
diagram) initiate damage is that there is no defect of type j in the circle of radius,
R̂j,i . ri is the distance from beam center to initiating defect. Fi is the damage Fluence
of the initiating defect.

Figure 5.5 shows that with one defect of type i (red dot) in the active area, R̂j,i of
defect of type j. Fj<i and Fj>i represent two cases in which Fj < Fi and Fj > Fi . The
corresponding radius R̂j,i of defect of type j in these two cases is larger and smaller
than defect i, respectively.
If Fj > Fi , then R̂j,i becomes negative for ri2 ≤ (w2 /2) ln(Fj /Fi ). The physical
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meaning is that there is no circle (region) within which a defect of type j will be
active in the presence of a defect of type i at ri . Hence, R̂j,i can be written as

R̂j,i (ri )2 =




ri2 + (w2 /2) ln(Fi /Fj ), for ri2 > qij2


0,

(5.16)

otherwise,

where qij2 = (w2 /2) ln(Fj /Fi ). Note that for Fj < Fi , the radius R̂j,i is positive.
Now that we have the condition of a defect of type i initiating the damage, we
can calculate the probability of P̂ (ri , j 6= i) in Eq. (5.9). The probability that none
of the defects of type j are active is equivalent to the probability of not finding a
defect of type j in a circle of radius R̂j,i , which is just the Poisson distribution. This
probability, according to Eq. (5.3) for m = 0, is
2

P̂j,i = e−ρj πR̂j,i .

(5.17)

Multiplication of this expression with Eq. (5.9) yields the probability of detecting
damage of a defect of type i located in a radius interval (ri , ri + dri ) if a second type
of defect j is present
2

2

pi,j (ρi , ri )dri = 2ρi πri e−ρi πri e−ρj πR̂j,i dri .

(5.18)

Integration from 0 to Ri will give us the total probability that a defect of type i is
detected in the presence of defects of type j
Z
Pi,j = 2ρi π

Ri

−ρi πri2

ri e

Z
P̂j,i (R̂j,i )dri = 2ρi π

0

Ri

2

2

ri e−ρi πri e−ρj πR̂j,i dri ,

(5.19)

0

where Ri2 = (w2 /2)ln(F0 /Fi ) defines the active area in which the local fluence can
exceed the damage threshold for the defect of type i, cf. Eq. (5.6).
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From Eq. (5.16) we know this integral should be considered in two situations. For
Fj > Fi , which is written as j > i in the equations, this can be done analytically by
Rq
RR
splitting the integral over ri into a sum of two integrals, 0 ij + qiji , as is suggested
by the mathematical structure of R̂j,i , cf. Eq. (5.16):
Z

qij

Pi,j>i = 2πρi

−ρi πri2

ri e
0


=1−

Fi
Fj

sρi

Z

Ri

2

ri e−sln(Fi /Fj ) e−π(ρi +ρj )ri dri
qij
 sρi " s(ρi +ρj )  s(ρi +ρj ) # (5.20)
Fi
Fi
ρi
Fi
−
.
+
ρi + ρj Fj
Fj
F0
dri + 2πρi

This equation is the probability that the damage test probes a defect of type i (LIDT
fluence Fi and density ρi ) if a second group of defects is present. This second group
is characterized by LIDT fluence Fj > Fi and density ρj .
For a defect group with j < i(Fj < Fi ), the corresponding probability is

Pi,j<i =

ρi
ρi + ρj



Fi
Fj

sρi "


1−

Fi
F0

s(ρi +ρj ) #
.

(5.21)

Let us briefly review the calculation of the probability that the damage test probes
a defect of type i when a second type of defect j is present. We started with Eq. (5.9)
which described the probability of damage initiating at a defect of type i in an annulus
of radius ri in the presence of another defect of type j. Then we showed that the
condition that the defect of type i initiates before a defect of type j is equivalent to
the condition that no defect of type j is in a region of radius R̂(j, i). Based on this
condition we get the probability that no defect of type j is active, which is P̂ (ri , j)
(Eq. (5.19)). Since R̂(j, i) is conditional function (Eq. (5.16)), the integral region is
divided into two regions for Fj > Fi (Eq. (5.20)). For Fj < Fi , the integral is shown
in Eq. (5.21).
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Probability of damage at a defect of type i in the presence of other defect
groups
Now, using similar concepts for two types of defects, we consider the general case
of damage initiating at a defect of type i in the presence of an ensemble of other
defects. Figure 5.6 provides a visual illustration for the example of three different
types of defects. In the beam spot area, there are three defects included: A,B,and C.
The conditions for that defect A to be detected are
• The local fluence is larger than the damage fluence F0 (rA ) > FA
• The damage fluence for defect A is reached before it is reached for B, C, and
the intrinsic material.

Figure 5.6: In this diagram, A, B, and C represent defects of three different types.
Both spatial and temporal information need to be considered when predicting which
defect initiates first.

These two conditions can be summarized mathematically as Eq. (5.8) and (5.9),
in which ri is in the active area (Eq. (5.6)).
To generalize the situation, we first define an arbitrary number (M − 1) of defect
groups, each of which is described by a certain LIDT fluence Fj and density ρj , where
F1 < F2 < F3 < ... < FM −1 . Then the probability can be written as pi,P j (ρi , ri )dri =
2 Q
−1
2ρi πri e−ρi πri M
j=1 P̂j,i dri . Since for Fj > Fi , P̂j,i is conditional function (as discussed
in Eq. (5.20)), this probability needs to be divided into two cases in which the damage
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fluence Fj is smaller and larger than the damage fluence Fi . Then we find

pi,

P

j (ρi , ri )dri

−ρi πri2

= 2ρi πri e

i−1
Y

M
−1
Y

P̂j,j<i

j=1

P̂j,j>i dri

(5.22)

j=i+1

for the probability that a defect of type i located in (ri , ri + dri ) is probed while
defects from all other defect groups j 6= i are inactive.
With the help of Eq. (5.20) and (5.21), the two products can be written as
i−1
Y

−πri2 ρT,i−1

P̂j,j<i = e

j=1

M
−1
Y

sρj
i−1 
Y
Fj
Fi

j=1

P̂j,j>i =

j=i+1

M
−1
Y

,

(5.23)

2

e−πρj R̂j,i (ri ) ,

(5.24)

j=i+1

where

ρT,n =

n
X
j=1

ρj =

n
X

ρ̄(Fj )4Fj

(5.25)

j=1

is the total density of defects groups from j = 1 to j = n.
By combining Eq. (5.22), (5.23) and (5.24), we can get the differential probability

pi,P j (ρi , ri )dri = 2ρi πri e

−ρi πri2

e

−πri2 ρT,i−1

sρj
i−1 
Y
Fj

Fi
"
sρj MY
−1
i−1 
Y
Fj

2

j=1

Fi

#
e

2 (r )
−πρj R̂j,i
i

j=i+1

j=1

= 2πρi ri e−πri ρT,i

" M −1
Y

#
e

(5.26)

2 (r )
−πρj R̂j,i
i

j=i+1

From Eq. (5.16), we know that R̂j,i of every defect group j > i has two regions,
2
which is ri < qi,j and ri > qi,j , where qi,j
= w2 /2 ln(Fj /Fi ). Thus, for an ensemble of

defect groups j = i + 1, i + 2...M − 1, the radius region can be divided into (0, qi,i+1 ),
(qi,i+1 , qi,i+2 )... (qi,M −2 , qi,M −1 ) and (qi,M −1 , Ri ). Therefore, the integral of Eq. (5.26)
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can be written as the sum of integrals
Z

Ri

Z

qi,i+1

pi,P j (ρi , ri )dri =

Z

qi,i+2

+

0

Z

qi,M −1

+... +

0

qi,i+1

Z

!

Ri

+
qi,M −2

pi,P j (ρi , ri )dri
qi,M −1

= Si+1 + Si+2 + ... + SM −1 + SRi .
(5.27)

Based on Eq. (5.16), in Si+1 , R̂j,i = 0 for all j > i. Thus we can obtain the first item
of the sum in Eq. (5.27)

Z

qi,i+1

Si+1 = 2πρi

−πri2 ρT,i

ri e
0

sρj
i−1 
Y
Fj

" M −1
Y

Fi

j=1

#
2 (r )
−πρj R̂j,i
i

dri

e

j=i+1

#
qi,i+1
Fj
2
= 2πρi
e−πρj ·0 dri
ri e−πri ρT,i
F
i
0
j=i+1
j=1





i−1
sρj
sρT,i 
ρi Y Fj
Fi
=
1−
.
ρT,i j=1 Fi
Fi + 1
i−1 
Y

" M −1
Y

sρj Z

(5.28)

In Si+2 , R̂j=i+1,i = ri2 + w2 /2ln(Fi /Fi+1 ) and R̂j>i+1,i = 0. Then Si+2 can be written
as
Z

qi,i+2

Si+2 = 2πρi

−πri2 ρT,i

ri e
qi,i+1

= 2πρi

i−1 
Y
j=1
i−1 
Y

sρj
i−1 
Y
Fj
Fi

j=1

Fj
Fi

sρj Z

qi,i+2

" M −1
Y

#
2 (r )
−πρj R̂j,i
i

e

j=i+1

−πri2 ρT,i −πρi+1 R̂i+1,i

ri e

e

qi,i+1

dri

M
−1
Y

e−πρj ·0 dri

j=i+2

sρj Z

qi,i+2
Fj
2
2 w2
= 2πρi
ri e−πri ρT,i e−πρi+1 (ri + 2 ln(Fi /Fi+1 )) dri
Fi
qi,i+1
j=1


sρT,i+1 
sρT,i+1 
i+1
sρj 
ρi Y Fj
Fi
Fi
=
−
.
ρT,i+1 j=1 Fi
Fi+1
Fi+2
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In similar way, we can get Si+3 , Si+4 ...SM −1 . Likewise, the last item of the sum is

SRi =

M
−1 
Y

ρi
ρT,M −1

j=1

Fj
Fi

sρj 

sρT,M −1

Fi


−

FM −1

Fi
F0

sρT,M −1 
,

(5.30)

and F0 is the incident peak fluence. Adding them together, the sum of integrals can
now be obtained as

Pi,P j =

MX
−1−i

(

n=0

ρi

s·ρj
i+n 
Y
Fi

ρ(T,i+n)

Fj

j=1


×

Fi
F(i+n)

s·ρ(T,i+n)


−

Fi

s·ρ(T,i+n) )

F(i+n+1)
(5.31)

where Fi+n+1 = F0 when n = M − i − 1. This is the probability that we see a damage
event triggered by defect of type i in the presence of other defects with density ρj ,
and threshold Fj .
Including intrinsic damage events
Then we should include P̂M (ri ) in Eq. (5.9), which is the probability that an intrinsic damage event does not occur if a defect of type i within (ri ,ri +dri ) is active.
Multiplication of Eq. (5.22) with P̂M produces the damage probability of such defect
i in the presence of all other defect groups and takes into account the possibility of
intrinsic damage.

pi,T dri = pi,P j P̂M (ri )dri

(5.32)

Intrinsic damage (LIDT fluence FM ), by definition, will occur in the center of the
beam where the incident fluence is maximum if its value exceeds FM . Similar as the
damage fluence of defect of type i (shown in Eq. (5.12)), the intrinsic damage fluence
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can be expressed as
2

FM e

2
rM
2
w0

tM

Z
=

I0 f (t).

(5.33)

0

Intrinsic damage occurs in the beam center, rM = 0. Thus, in the presence of a defect
i at ri , intrinsic damage is not detected if ti is smaller than tM , which means
2

FM ≥ Fi e

ri2
2
w0

,

(5.34)

which can be rewritten as a condition for ri as
ri2

s
≤ ln
π



FM
Fi


,

(5.35)


 


1, for ri2 ≤ s ln FM
π
Fi
P̂M (ri ) =




0, for ri2 > s ln FM
π
Fi

(5.36)

Hence, we have

Because of the binary nature of P̂M (ri ), we can follow the procedure leading to
Eq. (5.31) if we replace the upper integration limit Ri in integral SRi , cf. Eq. (5.27),
2
with Ri,M
= s ln(FM /Fi ), which means replacing F0 by FM in Eq. (5.30). Note that
2
2
Ri,M
> qi,j
for all j > i. Thus, we obtain

Pi,T =

MX
−1−i
n=0

(

ρi

s·ρj
i+n 
Y
Fi

ρ(T,i+n)

Fj

j=1


×

Fi

s·ρ(T,i+n)

F(i+n)


−

Fi
F(i+n+1)

s·ρ(T,i+n) )
,
(5.37)

which is valid for all i = 1, 2, ...(M − 1). s = πw2 /2.
Equation (5.37) is the (total) probability that we measure damage of a defect of
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type i in the presence of other defect groups including the intrinsic material.
It remains to determine is the probability to observe intrinsic damage PM,T . Since
in the STEREO-LID test, we use large enough incident fluence F0 to guarantee the
damage. The total probability must sum to 1. Therefore,

PM,T = 1 −

M
−1
X

Pi,T .

(5.38)

i=1

Another way to determine the probability of intrinsic damage is to calculate the
probability that none of the defects is active. According to Eq. (5.36), intrinsic
damage occurs if none of the defects i = 1, 2, ...(M − 1) is in a circle of radius Ri,M ,
which is given in Eq. (5.35). The corresponding product

PM,T =

M
−1
Y
i=1

e

2
−πρi Ri,M

=

M
−1 
Y
i=1

Fi
FM

sρi
.

(5.39)

is the probability of intrinsic damage.
It remains to be shown that Eq. (5.38) is indeed satisfied with the probabilities
according to Eqs. (5.37) and (5.39). That is, PM,T + Pd,T = 1; for a proof, see
Appendix F.

Simulation results support the relation of Pi,T and ρ distribution
Monte-Carlo simulation is performed to check the mathematical relation we derived above. The simulation method was explained in the previous chapter. Figure
5.7 shows the comparison between the predicted probability based on Eq. (5.37) and
simulated STEREO-LID tests. The simulation includes 20 times independent simulated experiments, each of which contains 400 total test sites.
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Figure 5.7: Comparison between theory and MCS simulated results of the same defect
distribution. The defect density of the bins is constant (ρi = 2 ∗ 104 cm−2 ) across
the fluence range from 100 to 1300 J/cm2 . The green bars are the average of 20 MC
simulations, each of which contains 400 test sites. The error bars are the standard
deviations of the same set of simulations.

5.1.3

Retrieval of defect density from measured probability

In this section we discuss the retrieval of the defect densities ρi from the STEREOLID probabilities P (Fi ). Since the relationship between ρi and P (Fi ) is not invertible,
we turn to nonlinear regression.
The defect densities ρi = ρ̄(Fi )4Fi can be determined from a nonlinear optimization minimizing the root-mean-square deviation
v
uM
uX
Q=t
[P

i,T

− P (Fi )]2

(5.40)

i=1

with Pi , T given by Eq. (5.37) and P (Fi ) is measured result from STEREO-LID test.
After we get P (Fi ) from STEREO-LID a measurement, the optimization is performed by algorithms built into either MathCad or MatLab. Starting with an initial
defect density, these algorithms vary the defect density to optimize the parameter Q.
The initial defect density values is set based on the measured probabilities P (Fi ) and
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the corresponding active area πRi2

ρi,init =

P (Fi )
.
πRi2

(5.41)

After this optimization, we are able to get the defect density distribution. To
prove the reliability of the optimization results, the retrieval defect density can be
used to reproduce the probability very accurately. Figure 5.8 shows the simulated
STEREO-LID measurement and retrieved density from P (Fi ). The retrieved defect
density is then used to calculate the damage probability, shown in Fig. 5.8 (a) with
small red triangle data points. The result shows a very good agreement with the real
probabilities, which means the retrieval process optimized by computer program is
very accurate.

Figure 5.8: (a) black data points are the simulated STEREO-LID measurements
with 400 test sites. The defect density is set with a constant density 200 mm−2 .
Note the data point with the largest damage fluence is the probability of intrinsic
damage. (b) is the retrieved defect density from the measurement result shown in
(a). The retrieved density was then used to calculate the damage probability, which
is included (a) as red triangles. These retrieved P (Fi ) are in good agreement with
the probabilities obtained analytically.

While the retrieval process is very accurate, the retrieved defect density is not in
perfect agreement with the real (input) density. The uncertainty of retrieved defect
density is caused by the statistical uncertainty of measured P (Fi ).
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5.1.4

Defect density retrieval uncertainty

From last section, we already know the retrieval process from measured P (Fi ) to
defect density ρi is very accurate. When we have infinite number of test sites, we
will be able to retrieval exact defect density. The accuracy of retrieval results is
mainly determined by the statistical uncertainty of limited number of test sites that
we measured in the STEREO-LID test. When we divide the measured damage fluence
into several bins F1 , F2 , ...FM −1 , each bin normally has a different number of events
which gives us the probability P (Fi ) (shown in Fig. 4.8). The greater number of
damage events included in the bin, the more accurate the probability of this bin is.
Thus the accuracy of retrieval defect density for each defect of type i is determined
by the number of damage events in the bin i, see Eq. (4.3) and Eq. (4.4).
Figure 5.9 (a) is the retrieval density of simulated measurements. Figure 5.9 (b)
indicates that the relative uncertainty of retrieval defects density is essentially the
same with the relative uncertainty of damage probability. The relative uncertainty
of damage probality is already discussed in the previous chapter, shown as Eq. (4.3)
and Eq. (4.4).

Figure 5.9: (a) Comparison of defect density retrieved from MCS simulations (black
squares) to a constant input defect density (red circles). The retrieved density is
the average of 20 simulated experiments consisting of 169 test sites. The error bars
show the standard deviation of these experiments. (b) Comparison of the relative
uncertainty (standard deviation) of P (Fi ) and ρi for those 20 MCS simulations.
As shown in Fig. 5.7, even though the defect density is constant from 100 to
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1300 J/cm2 , the probability of observing a low fluence defect is highest. The physical
reason can be briefly explained as that lower damage fluence has larger active area and
thus has more defects in the active area than higher damage fluence defects, Fig. 5.3.
Therefore the low damage fluence defect is more likely to initiate first and be detected
by the STEREO-LID measurement. Larger damage probability will result in more
damage events of this type of defect detected in STEREO-LID test and thus more
accurate retrieved density of this type of defect. In brief, the retrieved density of
lower damage fluence defects has better accuracy.
In some cases the probability of detecting a defect in a particular region Fi can
be so small that for a limited number of tests N , it is likely that no events will be
detected. This does not mean there are no defects in this region (Fi ), but instead
it means the defect density in this region is not large enough to be detected. This
region is labeled as dark region which means that with certain number of test sites
in STEREO-LID test, the defect density in this region is unknown. This will be
described in next section, e.g. Fig. 5.11. Note that dark region can be reduced or
removed if enough test sites are performed in STEREO-LID test.
Figure 5.10 shows that by changing the beam spot size, the damage probability
P (Fi ) will change. P (Fi ) at low damage fluence increases with increasing beam spot
size, while P (Fi ) at high damage fluence decreases. Thus, with small beam spot,
we can have more damage events at high damage fluence, which will result in more
accurate retrieval of the density for high damage fluence defects. With large beam
spot, we will have more damage events at low damage fluence, which makes the
retrieval density in low damage fluence more accurate and more likely detect the
minimum damage fluence defects. But large beam spot will lose resolution at high
damage fluence defects (bigger dark region in high damage flence range). Therefore,
proper size of beam spot needs to be considered depending on the purpose of the
damage tests.
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Figure 5.10: Damage probility changes with the beam spot size. Each set of data
points is the P (Fi ) of constant density defects (200 mm−2 ) with certain beam spot
size, which is 20, 40, and 80 µm, respectively.

Another experimental condition that needs attention is the incident fluence. If
there are cases of no damage during the STEREO-LID tests, it means the intrinsic
damage fluence is larger than the incident fluence used in the test. However, the
STEREO-LID measurement result is still able to retrieve density of defects, whose
damage fluence is smaller than incident fluence. In this case, a small modification
needs to be done to Eq. (5.37), replacing the intrinsic fluence FM with the incident
fluence F0 for the last term of expansion of the sums.

5.2

Simulation of defect distribution retrieval by
STEREO-LID

In this section, we will use Monte-Carlo simulation (MCS, described in Figure 4.10)
to show the ability of STEREO-LID measurement to retrieve the defect distribution
which can be used to characterize the materials. As comparison with TDT, STEREOLID is superior to distinguish samples with different defect distributions.
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5.2.1

Simulation of a constant defect density distribution

Figures 5.11 and 5.12 demonstrate how STEREO-LID data can be used to gain
information about defect distributions characterized by their damage fluence. The
Monte-Carlo simulation produces the probability P (F ) that an event with damage
fluence F is observed. This is shown in Fig. 5.11 for a sample that contains defects
of constant density ρ̄ = 400 cm−2 /(J/cm2 ) in the fluence interval 50 J/cm2 ≤ F ≤
600 J/cm2 . The system of equations in Eq. (5.37) and the procedure outlined above
is then used to retrieve the defect distribution ρ̄(F ), which is depicted in Fig. 5.12.
The statistical errors increase with increasing fluence for P (F ) and consequently for
ρ̄(F ). The reason is that defects with larger damage fluence are less likely to be
active because the area within the Gaussian beam spot in which the incident fluence
exceeds the LIDT becomes smaller, thus the monotonously decreasing P (F ) function
in Fig. 5.11. In addition, defects with smaller LIDT and sufficiently large density will
trigger a STEREO-LID signal first if several defects are active. To first order, the
relative uncertainty of the retrieved densities (same with the relative uncertainty of
√
measured probability as shown in Fig. 5.9) scales as 4ρ(Fi )/ρ(Fi ) ≈ 1/ ni , Eq. (4.4).
In the limit N → ∞, the retrieved and true distributions agree.

Figure 5.11: MCS of STEREO-LID test result of constant defect density sample. The
red line is the analytical P (Fi ).
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Figure 5.12: Retrieval of defects density from STEREO measured results (Fig. 5.11).
The red line represents the true defect density and blue data points show the retrieved
defect density. The retrieved density is 0 in range larger than 1200 J/cm2 because
there were no damage events in the simulations. This region is defined as the dark
region.

With limited number N of available test sites the defects with lower LIDT are
obtained with better accuracy. These are the defects that determine the practical
damage threshold. STEREO-LID is superior compared to the TDT to determine the
minimum fluence at which a sample fails [34].
If the damage behavior is the primary purpose of a STEREO-LID study, then
the approach discussed above produces the necessary information about the defects
that damage at low fluences. If material characterization is the objective, then the
distribution ρ̄(F ) over a fluence range as large as possible is desired. The intrinsic
damage fluence FM is an upper limit of this range; material properties for incident
fluences F > FM remain invisible. There is typically a range of fluences between the
maximum fluence Fmax at which a defect event was observed and FM , dark region in
Fig. 5.12. This is either because there are no defects with corresponding damage fluences or none of them are detected with the limited number of damage test sites. The
latter will occur if the active defect density is low and the number of test sites is small.

In such cases it is useful to give upper and lower boundaries of the dark defect
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density ρT,dark . A lower limit is obtained assuming all these defects have a damage
threshold Fv = Fmax + 4F . For an upper limit, we assume a fluence in the beam next
to the intrinsic damage fluence Fv = FM − 4F . If the total number of test sites is
N , the probability that such an event is observed, P (Fv ), is equal to the uncertainty
of the total observed probability, which is 1/N . The approach discussed above can
now be modified by adding one more fluence bin to Eq. (5.37) and add one equation
for i = v, P (Fv ) = 1/N . There can be cases where the intrinsic damage fluence is
larger than the incident peak fluence F0 . In this case, a hypothetical defect density
with fluence F0 −4F can be used to estimate an upper limit of the dark defect density.

To obtain ρ̄(F ) as complete as possible, several runs of STEREO-LID might be
necessary with different incident fluences F0 and spot sizes w. Note that defects with
Fth > F0 are invisible as are defects with Fth > FM . Large spot sizes will probe mostly
low fluence defects. As the spot size is made smaller, the probability of exciting a high
fluence defect will increase. However, there is an optimum limit when the probability
of hitting any defect drops below unity and more intrinsic events (for F0 > FM ) or
no damage events (for F0 < FM ) occur, providing no additional information.

5.2.2

Comparison of STEREO-LID with TDT for retrieval
of defect density distributions

This section shows the MCS of two hypothetical samples with different defect density distributions. The comparison of STEREO-LID and TDT measurement demonstrates the superiority of STEREO-LID to distinguish different defect distributions.
Figure 5.13 is the simulated defect density distribution of the two samples.

101

Chapter5. Defect density retrieval from STEREO-LID data

Figure 5.13: MCS of two kinds of sample with different distributions of defect density.
Two lines in the diagram represent two different distributions.

Simulated TDT measurements were performed to obtain the damage probability
P̃ (Fi ). Figure 5.14 shows TDT results with 1000 test sites in total for each sample.
The solid lines are analytical calculations of the damage probability using the defect
distributions. Despite the significant differences in the defect distributions, the analytical damage probabilities exhibit very little difference. Moreover, the uncertainty
of the TDT data points makes it impossible to distinguish the two samples.

Figure 5.14: Simulated TDT test results on samples with this two distributions (data
points). The solid lines are analytical calculations of the damage probability using
the input defect distributions.

MCS simulations of STEREO-LID measurements of the same defect distributions
were performed using the same number of test sites. The result of the defect density
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retrieval is shown in Fig. 5.15. The retrieved defect distribution follows the exact
distribution up to nearly 1000 J/cm2 . Contrary to the TDT, STEREO-LID is able
to distinguish the two samples.

Figure 5.15: MCS simulations of defect distribution retrieval using STEREO-LID.
The data points are the retrieved defect densities by MCS of STEREO-LID. The
dashed lines are the defect distributions used as input for the simulations.

5.3

Defect density retrieval from STEREO-LID measurements of thin films and a blank substrate

As already described, STEREO-LID is a method of measuring the damage threshold
fluence (intensity) during a single pulse by identifying the damage initiation in time
and space. STEREO-LID characterization is more efficient than the traditional damage test, because each site provides a damage fluence and intensity. Based on what
was previously discussed, from the measured probabilities that damage events occur
at certain fluence, defect distributions were determined that characterize the damage
behavior of the films in detail, in particular in the low fluence regions. Optical films
and surfaces can be characterized now in terms of their defect distributions, which
can be used to compare deposition techniques and coating materials.
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5.3.1

Tests on different materials

Four films deposited on 1-inch-diameter UV-grade fused silica windows were tested.
The film properties are listed in Table 5.1. Hafnia (HfO2 ) is a common material
used for high index layers in coatings for pulsed laser applications in the near-IR [28].
Scandia (Sc2 O3 ) is a material expected to have an intrinsic damage threshold higher
than hafnia [36]. Tantala (Ta2 O5 ) films are superior with respect to absorption and
scatter [37], but often have lower damage thresholds in pulsed laser applications [28].

Material
Hf O2
Hf O2
Sc2 O3
T a2 O5

Coating Thickness
method
(nm)
IBS
130
EB
130
IBS
131
IBS
314

Absorption at
1064 nm (ppm)
0.91 ± 0.04
1.42 ± 0.04
2.6 ± 0.1
2.3 ± 0.4

F0 (kJ/cm2 )
1.7
1.4
1.6
1.3

P̃ (F0 )(%) ρT,V (cm−3 )
85
1.5 × 1010
100
3.2 × 1010
88
7.1 × 1010
100
1.0 × 1010

Fmin (J/cm2 )
7
8
3
11

Fmax (J/cm2 )
890
650
1350
370

Table 5.1: Properties of the films tested with STEREO-LID. P̃ (F0 ) is the damage
probability for a single pulse of peak incident fluence F0 . ρT,V is the total volume
defect density. Fmin (Fmax ) is the smallest (largest) damage fluence observed with
STEREO-LID.

Films were prepared by both ion-beam sputtering (IBS) and electron-beam (EB)
evaporation in the case of hafnia. The IBS deposition conditions were optimized
to achieve parts per million absorption loss and internal stress below 0.5 GPa [36].
The deposition rate was 2 Å/s. The temperature of the substrate during deposition
was ∼ 70◦ C. The EB-HfO2 film was prepared by evaporation of hafnium metal in a
background of O2 (1 × 104 Torr). The deposition rate was 3 Å/s onto a substrate
heated to 200◦ C. No ion assist was used. Because of their inherent porosity, EB films
are less environmentally stable than IBS films [38], but the measured nanosecondpulse damage thresholds of EB coatings can be comparable to IBS coatings [28].
Results of x-ray diffraction on all samples showed that the IBS-Ta2 O5 , IBS-HfO2 ,
and EB-HfO2 were essentially amorphous while the Sc2 O3 sample showed signs of
crystallinity through narrowing of the main diffraction peak.
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The incident fluence, F0 , for each film was determined first from a few damage
tests performed to estimate the 100% damage level. These are listed in Table 5.1.
Despite the initial test, there were instances of no damage during the tests of the IBShafnia and IBS-scandia films. Therefore, the intrinsic threshold is yet higher for these
films. A bare substrate was tested at the same fluences as the coated samples. After
correcting for reflection from the film, the damage probability in the substrate was
less than 10%. In addition, the crater morphology for damage initiated in the bare
substrate was different than that for the coated samples, so the observed damage
seems to result from the presence of the film. About 100 sites were tested with
STEREO-LID for each sample. These sites were separated by at least 1.5 mm in
order to avoid cross contamination between tests.
After raster-scanning the sample for a total of N STEREO-LID test sites, we
collect the results in an N × 4 matrix, where a row represents Fj , tj , xj , and yj from
test site j = 1, 2, ..., N , as described in Table 4.2. From these data, a probability
P (Fi ) can be calculated by first dividing the fluence axis into M bins with centers at
Fi and widths 4Fi where i = 1, 2, ..., M and assigning each damage event to one of
them. This produces a vector ni = n(Fi ) of the number of damage events observed
for a fluence from bin i. The quantity P (Fi ) = ni /N is an estimate of the probability
that an LID test yields a damage fluence Fi − (1/2)4Fi ≤ Fth ≤ Fi + (1/2)4Fi .
The selection of bins (number and width) depends on the distribution of Fi and is
a compromise between fluence resolution and statistical error. Simply put, the size
of a bin may need to be increased in order to have sufficient events to calculate a
probability with acceptable uncertainty. Note the sum of all P (Fi ) is equal to P̃ (F0 ),
which is the damage probability at incident fluence F0 .
This relationship encapsulates an important advantage of STEREO-LID over the
TDT, shown in previous chapter. Whereas the TDT produces the probability that
damage will occur if a pulse of peak fluence F0 is incident, STEREO-LID is able to
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resolve the probability of initiating damage at a defect whose threshold fluence is in
bin Fi . Figure 3 shows the probability distributions P̄ (Fi ) = P (Fi )/4Fi for the four
films tested.

Figure 5.16: Probability density P̄ that a damage test yields LIDT fluence F for each
film in Table 5.1[(a) IBS-HfO2 , (b) EB-HfO2 , (c) IBS-Sc2 O3 , and (d) IBS-Ta2 O5 ] obtained from STEREO-LID measurements. The probability density is the probability,
P (Fi ), divided by the width of the fluence bin 4F , indicated by the width of the bar.
The insets are simulations of the damage probability P̃ derived from the STEREOLID data. The solid line is the prediction of the probability of damage at the incident
fluence using the complete set of STEREO-LID data. The dots are simulated 1-on-1
TDT using the STEREO-LID data set with 10 tests at each fluence.

Note that the highest probabilities occur in the low fluence bins. This occurs for
two reasons [34]: (1) For our Gaussian beam profile the active area of the small values
of Fi is larger than the large values of Fi , as shown in fig. 5.3; (2) In cases where
two or more defects are active within the laser beam spot, the defect with the lower
damage fluence is more likely to initiate first and be detected by the STEREO-LID
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measurement [35]. Thus STEREO-LID preferentially identifies the low-fluence defects
which ultimately determine the performance limits of an optical coating. In contrast,
the TDT relies on extrapolation of P̃ (F ) → 0 to determine the highest fluence with
zero probability [16] and is thus prone to large uncertainties [39, 40, 41]. This is
exemplified in the insets in Figs. 5.16. These plots were made using the STEREOLID data to simulate a traditional damage probability measurement. For a given
test result (xj , yj , and Fj ) done at F0 , it can be determined whether damage would
have occurred at a lower incident fluence, F < F0 . Note that these curves reach the
observed damage probability (see Table 5.1) when F = F 0. The TDT points were
calculated using 10 test results selected at random from the complete set for each
fluence, while the curve was prepared using the full STEREO-LID data set for each
fluence. Note that the total number of test sites was 100 for both TDT and STEREOLID. The TDT points have too much scatter to draw meaningful conclusions about,
e.g., the fluence causing damage with 50% probability and the minimum fluence for
which damage can be expected. The probability curves from STEREO-LID permit
extrapolation to zero probability and would predict an LIDT of 60 and 50 J/cm2 for
the EB deposited hafnia and IBS tantala, respectively. However, the smallest damage
fluences actually observed were just 8 and 11 J/cm2 , cf. Table 5.1. This shows that
STEREO-LID is sensitive to a wide range of defects, including these critical lowfluence defects, whereas in order to detect such low fluence defects by traditional
methods, the test must be optimized for low fluences (See, e.g., Borden et al. [42]).
The first section in this chapter explained the straight forward algorithm to retrieve defect densities ρi = ρ̄(Fi )4Fi from the measured P (Fi ) distributions [35]. The
ρi represents the area density of defects that exhibit a damage fluence Fi ± 4Fi /2.
P
The total volume defect density ρT,V =
ρi /d where d is the film thickness. Figure
5.17 shows the defect density distributions derived from the data of Fig. 5.16, and
ρT,V is listed in Table 5.1.
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Figure 5.17: Defect density distributions ρ̄(F ) for each film in Table 5.1[(a) IBSHfO2 , (b) EB-HfO2 , (c) IBS-Sc2 O3 , and (d) IBS-Ta2 O5 ] derived from the STEREOLID measurement data shown in Fig 5.16. The regions marked dark are unresolved
because there were no damage events observed at those fluences.
The defect distributions are rather complex and depending on the goals of the
studies the spot size must be chosen appropriately. The incident fluence is chosen for
100% damage to maximize the number of damage events. Large spot sizes mostly
probe low fluence defects, which is useful for characterizing films for practical applications [23]. As the spot size becomes smaller, F0 can be made larger and the
probability of detecting a high fluence defect increases. This is useful for characterizing a larger fluence range of the defect distribution. An upper limit occurs when
F0 reaches the intrinsic material damage threshold and damage events are no longer
triggered by isolated defects and thus provide no additional information about the
defect distribution. With an incident fluence of 1.4 kJ/cm2 each test of the EB-coated
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hafnia film resulted in damage. The gap between the maximum measured damage
fluence Fmax (≈ 600 J/cm2 ) and F0 can be an indication that there are no defects
with damage fluence in this range. However, because the total number of test sites
N is finite, defects in this gap are invisible in the damage study as long as the total
probability of detection is PT < 1/N [35]. These dark regions are labeled in Fig. 5.17.
If the defect density close to F0 is of importance, STEREO-LID should be repeated
with a larger N and with a smaller spot size.
The four films exhibit distinctly different defect distributions (see Fig. 5.17). Both
IBS and EB deposited hafnia have measurable defect densities up to about 600 J/cm2 .
But the total defect density in EB-deposited hafnia is larger than in IBS hafnia films
confirming the general notion that IBS samples are of higher quality. However, the
differences are minor or even reversed as far as the minimum damage fluence observed,
Fmin , cf. Table 5.1. This could explain why EB deposited multilayer coatings perform
comparably to IBS coatings in damage competitions [28].
Scandia has the highest total defect density (see Table 5.1), but that is primarily
due to the large density of defects at fluences near 1.3 kJ/cm2 . The expected number
of defects within the beam waist was nearly one. This fluence range above 1 kJ/cm2
was dark for the other materials, i.e., no damage events were recorded. On the other
hand, scandia has the lowest defect density for fluences below 600 Jcm2 . The damage
events at 1.3 kJ/cm2 are not the ultimate intrinsic limit of the material, since 12%
of the measurements at the test fluence resulted in no damage. The tests of the IBS
hafnia also exhibited no damage events from which we conclude that the intrinsic
threshold is above 1.7 kJ/cm2 .
Finally, tantala exhibited the highest defect density for all films for fluences below
100 J/cm2 . As a result, every test resulted in damage and no events were observed
above 370 J/cm2 . Despite having the highest Fmin , the density of defects in IBS tantala was 10× higher than IBS hafnia. This high defect density may explain the poor
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performance of tantala in high-power pulsed applications [28]. The defect distribution
of tantala is also peculiar in that it is highest at low fluences and initially decreases
with increasing fluence. (The distributions of the other films are relatively constant
or increase at low fluence.) The defect distribution of the tantala film resembles the
power law models studied by Porteus and Seitel [29]. However, most models in the
literature assume the opposite form. For instance, in the simple case where damage
probability is modeled by a distinct pair of defects, there is always a low fluence defect
with low density and a high fluence defect of high density[21]. This scaling of defect
density with damage fluence is supported by a model of nanoabsorbers [43]. But it
might be that the two defect model is prominent in the literature because it is the
only combination of defects that shows a distinctly recognizable feature in the TDT.
Our results show clearly that there is a variety of defect distributions in our films.

5.3.2

Tests on different deposition methods

This section shows the STEREO-LID measurement results of HfO2 films prepared
by three different deposition techniques. The three deposition techniques are ionbeam-sputtering (IBS) [54, 55], electron-beam evaporation (EB) [56] and atomiclayer-deposition (ALD) [57], briefly described in 2.2. All 30 nm thick HfO2 films
were coated on identical substrate, which were previously cleaned following the same
protocol. A film thickness of 30 nm was chosen to avoid large spatial variation of the
intra-film standing field distribution to simplify data interpretation.
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Material
HfO2
HfO2
HfO2
Substrate

Coating
method
IBS
EB
ALD
−

Thickness
(nm)
30
30
30
−

F0 (kJ/cm2 )
1.6
1.6
1.6
1.3

P̃ (F0 )(%) ρT (cm−2 )
97
3.9 × 103
100
3.6 × 103
100
1.7 × 103
61
1.2 × 103

Fmin (J/cm2 )
8.6
1
1
27

Fmax (J/cm2 )
1260
950
430
1120

Table 5.2: Properties of the films of the same thickness tested with STEREO-LID. The
tests were performed with the same incident fluence. P̃ (F0 ) is the damage probability
for a single pulse of peak incident fluence F0 . ρT is the total area defect density. Fmin
(Fmax ) is the smallest (largest) damage fluence observed with STEREO-LID.
The three films were tested at a peak incident fluence of 1.6 kJ/cm2 to achieve
nearly 100% damage. We tested the samples using total tests N = 153 for IBS,
N = 143 for eBeam, N = 151 for ALD, and N = 74 for the blank substrate. There
were a few (< 3%) non-damage events for the IBS film. This indicates that the intrinsic LIDT is > 1.6 kJ/cm2 . All tests of the e-beam and ALD films resulted in damage.
For comparison a blank substrate was tested at the same fluence (considering the
reflection of thin film). The damage probability for the substrate was 61%. The peak
intensity is below the intrinsic damage threshold of fused silica [58] suggesting that
there was residual contamination or damage left by the polishing procedure[59]. The
probabilities are shown in Fig. 5.18. The bins for the substrate are wider because of
the fewer damage events were recorded.
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Figure 5.18: Measured P( Fi ) for (a) EB-HfO2 , (b) IBS-HfO2 , (c) ALD-HfO2 , and (d)
a blank substrate.

The results of Fig. 5.18 show that STEREO-LID is able to measure and determine
the damage probability distributions in HfO2 films that are unique to each deposition
method. The IBS film has a broad range of damage events up to nearly 1 kJ/cm2 ,
see Fig. 5.18 b. On the other hand, the ALD had nearly all damage events near
200 J/cm2 and below, Fig. 5.18 c. The e-beam film was intermediate with a high
probability of events at low fluence but a few events as high as 800 J/cm2 , see Fig.
5.18 a.
From the measurement results of Fig. 5.18, the defect probability distribution was
retrieved for each film and plotted in fig. 5.19. Figure 6 also shows the total defect
P
density from the measured events, ρT =
ρ̄i 4Fi and the minimum fluence at which
a damage event was detected, Fmin . The latter is what is typically determined from
TDT, albeit as explained earlier, with much less precision. The defect distribution
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functions also show clear differences. The densities at low fluences for the substrate
are smaller than for the films. This suggests that the defect distribution functions for
the coated samples are characteristics of the film. There is a probability though that
substrate defects become active when coated [52].

Figure 5.19: The retrieved defect density distributions ρ̄(F ) from the data in Fig.
5.19. The total measured defect densities and smallest measured damage fluence for
each sample are also listed. The regions labelled “dark” indicate the fluence range
where the number of events were too low to make predictions about the defect density
distribution . The damage fluence Fmin is from the event with the lowest observed
damage fluence in the STEREO-LID test.
In Fig. 5.19 we labeled high fluence regions where the defect density is zero as
“dark”. In these regions the number of events was too low to retrieve densities. For
the given experimental parameters defects with these high damage fluences were not
observed. The reason is that whenever they were probed (if they were present at all)
by the laser spot another defect (with lower damage fluence) was also present and
triggered the damage event. For most practical situations these high-damage-fluence
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defects are not important as they do not control the LIDT. For fundamental studies
where a more complete picture of ρ(F ) is desired the experiment should be repeated
with a smaller spot size. This increases the probability that the group of defects with
high LIDT is “visible”, that is, produces LID events [35].
The results in Fig. 5.19 show that STEREO-LID is able to provide detailed defect
distributions in three HfO2 films deposited using different methods. Relating these
defect distributions to micro-structural defects requires further study. Additional
testing with a larger spot size for the e-beam and IBS films in particular will provide additional detail into the distribution of low fluence defects by increasing their
probability for detection P (Fi ).
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Chapter 6
Initial kinetics of damage and
ablation
The previous chapters have dealt with the development and demonstration of STEREOLID to identify the initiation of damage to derive a damage fluence (intensity) in a
single pulse. In this chapter, we are concerned with the events that occur after the
initiation of damage. The primary experimental observations are the rapid drop in
transmission and the generation of micron-sized craters.
Since damage is initiated at nanometer scale defects, it is clear that an absorbing
region must expand beyond the volume of the defect to produce the observed results
[80, 81]. It is shown through modeling of the transmission and observed craters that
an opaque absorbing region expands from the initial defect at speeds that depend
on the local laser intensity and can exceed the speed of sound in the film. These
results will be discussed in the context of a laser-driven detonation wave triggered
by a micro-explosion at the defect. Evidence for shockwaves in the films will be
presented.
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6.1
6.1.1

Defect-initiated damage processes
Initial damage processes

As we already know, the damage under illumination of nanosecond laser pulse is
mainly controlled and initiated by local defects, which can have damage thresholds
that are 10 times smaller than the intrinsic material. When the local defect is activated under intense enough illumination, energy is deposited into the volume near
the defect, limited by diffusion. The activation of the defect may involve an increase
in absorption resulting from the energy deposition and heating. With a high energy
absorbed in short time and small volume, the material transfers to vapor state rapidly
and micro-explosion occurs at the defect position.
Our current understanding of ns pulse, defect initiated damage is shown in Figure 6.1. As was discussed above, the micro-explosion occurs after the material reaches
a critical energy density. This deposited energy triggers a microexplosion which creates a modified region around it that can absorb the remaining laser pulse. With
more energy absorbed, the modified region will get larger and larger and block more
and more pulse energy, which causes the transmission drop.

Figure 6.1: Diagram of intial stage of defect-initiated damage and ablation in a thin
film (note that the film thickness is much smaller than the beam size in reality).
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Following the microexplosion, materials is ejected perpendicular to the surface.
Laser light scattered off this ejecting jet of material forms an image in the in-situ
microscope which we use to track and locate the initiation position, as we described
in the STEREO-LID test. The mini-crater in the substrate is the result of action
on the substrate due to momentum conservation during material ejection, which is
exemplified in Fig. 3.27, Fig. 3.29, Fig. 3.28, and Fig. D.3. Note the initial damage
processes discussed here are related to the absorption of the remaining laser pulse.
After the pulse ends, the material continues to evolve through thermal diffusion and
ablation to form the final crater [76].

6.1.2

Kinetics of the transmission cut off

The process shown in Fig. 6.1(c) was invoked in order to explain the drop in transmission that is observed after the initiation of damage in the STEREO-LID test. An
expanding region of absorption is needed to explain the transformation of the film to
opaque starting from a nanometer-scale absorbing defect. We can draw conclusions
about the speed of expansion and its dependence on laser parameters by studying the
detailed shape of the transmission data.
Figure 6.2 is a typical transmission curve of a damage event. The drop from 90%
to 20% transmission occurs in roughly 1 ns. Assuming that the absorption starts
at a nanometer-scale object and expands to cover the entire beam (≈22µm), then
the expansion rate is on the order of 20 km/s, well above the speed of sound in a
typical solid (≈ 5km/s). In Fig. 6.2 (b), we define the cut-off time which is the
time for transmission dropping from about 90% to 20% (20% could changes). The
derivative of the transmission drop can be measured by dT /dt in this region. We
show more observations on the cut-off time and the derivative of transmission drop
in Appendix G.
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Figure 6.2: Example of time-resolved transmission during a laser-induced damage
event. (a) Transmission (in red) and the reference pulse (gray) showing four distinct
regions: (A) Deviation of the transmission from the reference; (B) rapid drop in
transmission; (C) Slowing of the transmission drop as the transmission is reduced to
about 10%; and (D) in some cases there is a partial recovery of the transmission (not
shown here). (b) Detailed view of the same data showing that the transmission drops
from 90% to 20% in just 1 ns (the cut-off time).

Figure 6.3 plots the transmission curves in the STEREO-LID tests of a 30 nm
HfO2 thin film. Figure 6.3(b) are the actual transmission vs. time obtained by
dividing the transmitted pulses by the reference pulse. One can see that the cut-off
time is shortest when damage occurs near the peak of the pulse. To illustrate this,
Fig. 6.4 contains a plot of the cut-off time vs. the peak intensity of the pulse at the
time of damage. These data show that the expansion rate of the absorbing region
depends on the instantaneous intensity of the laser pulse.
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Figure 6.3: Transmission curves in the STEREO-LID tests of 30 nm hafnia thin film
(representative examples selected). (a) is the detected original transmitted pulses,
each of which represents one damage event. The peak intensity is about 170 GW/cm2 .
(b) Transmission curves obtained by dividing the transmission pulse by the reference
pulse. The division also results in a large noise at the beginning (around -5 ns) and
the end (around 5 ns) of the pulse in the transmission curves.

Figure 6.4: The cut-off time (see text) taken from the transmission curves in Fig. 6.3.
X-axis is the intensity at the beam center when the damage occurs, labeled as
I(0, 0, t0 ), where t0 is the on-set time of damage. The cut-off time decreases with
the increase of this intensity.
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6.2

Model of expanding absorption

6.2.1

Model of expanding absorption zone

It is clear that an absorbing region must expand beyond the nanometer scale of the
defect during the still incident pulse to allow for sufficient energy deposition to explain
the size of the resultnat crater [Lange,Papernov].
Figure 6.5 illustrates the basic idea of the model of expanding absorption. After
damage is initiated by a micro-explosion at a defect, an absorbing region, triggered by
the micro-explosion, expands through the beam with a velocity v(I) which depends
on the local intensity at the perimeter of the absorbing region.

Figure 6.5: A phenomenological model of defect-initiated ablation of a thin film.
An absorbing region expands from the initiation point at a velocity v(I) which is a
function of the local intensity I.

While there have been many studies of laser-induced damage thresholds, there
have been only a few quantitative studies of growth of laser-induced craters. Most
are related to exit surface damage of bulk fused silica [75, 76, 77, 78, 79]. These
studies suggested that the speed at which the absorbing area grows follows a power
law of the local incident laser intensity. In the case of NIR damage, the expansion of
an absorbing plasma is attributed to lateral growth of a detonation wave in air at the
exit surface [77, 78, 79]. The concept of a detonation wave goes back to laser induced
breakdown demonstrated shortly after the invention of the laser [66]. The absorbed
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laser intensity takes on the role of the chemical energy that propels a detonation wave
in classical Chapman-Jouguet theory of detonation [68, 69].
In the development of STEREO-LID as a damage test methodology, the rapid
drop in transmission is a common observation in thin films and surfaces tested under
air and vacuum. We attribute the expansion of the absorbing region following damage
to a laser-driven detonation wave that propagates in the film or near surface region.

6.2.2

Laser-driven detonation propagation

In this section, the application of detonation wave theory [68, 69] to laser-induced
damage is presented. This will provide a theory to relate the propagation velocity to
the local intensity and model the drop in transmission. The mechanism of detonation
wave propagation is illustrated in Fig. 6.6.

Figure 6.6: The propagation of detonation wave fueled by an energy release Q̄ provided by a chemical reaction. The detonation wave front triggers this reaction which
in turns pushes the wave forward. For a laser-driven propagation, the wave induces
absorption in the material which then produces Q̄ through absorption of the laser
light.

The speed of a detonation wave is given from Chapman-Jouget theory [68, 69, 67]
and can be expressed as

v≈

q

2(γ 2 − 1)Q̄

(6.1)

where γ = 5/3 is the adiabatic exponent of the gas and Q̄ is the heat released per kg
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of reactants. This expression is applied to a laser-driven detonation wave by Dunlap
et al. [67]. The energy density deposited is related to the laser intensity through

Q̄ =

Iw
− 4hvaporization
ρ0 δv

(6.2)

where the first term is related to the absorption of the laser field (intensity I). The
other parameters are described in Fig. 6.7. The second term is the portion of the
energy required to vaporize the material and does not contribute to the propagation
of the detonation wave.

Figure 6.7: The propagation of detonation wave in the solid fuled by the absorption
of laser energy. The solid block in the graph represents absorption region (reaction
zone) of the detonation, propagating to the right side direction. After the detonation
wave pass through, the solid material turns into gas state which is highly absorptive
plasma. w is the absorption width, δ is the absorption depth, and L is an arbitrary
length.

By defining β =
 v 3
v∗
where v ∗ =

+β



4hv ∗ ρ0 δ
I0 w

v
v∗


−



I
I0

, the normalized velocity and intensity have relation as:


=0

(6.3)



q
∗ρ δ
0
2(γ 2 − 1) ρI00δvw∗ and β = 4hv
.
I0 w

From the approximation of Eq. (6.3), the velocity has nearly a linear relation with
intensity for low intensity and a cubic root relation for high intensity. To complicate
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things, w/δ and ρ0 may also change with laser intensity, but not under discussion
here.
Ablation of the film happens in regions where the total deposited energy density
reaches a critical value. In adjacent regions where the laser intensity is low the
excitation front can still move even after the pulse in the form of a shock wave or melt
front. The total deposited energy Eabs here is not enough for ablation or evaporation
and the material eventually re-solidifies. This gives rise to a crater morphology shown
in Fig. 6.8. There are two structures (labeled inner and outer) that will be described
later.

Figure 6.8: (a) Nomarski and (b) dark field microscope images of a crater with one
initiation formed in a large beam test (w0 = 130µm). The crater shape is asymmetric
relative to the initiation position visible in the Nomarski image and towards the beam
center. The inner and outer structures will be attributed to processes that happen
during and after the laser pulse.

In beam direction the shock propagates into the substrate but the optical energy
deposition is much weaker due the attenuation by the top plasma layer.

6.2.3

Simulation of absorption zone expansion

In the following section, simulations of the expanding absorption zone are presented.
This model is based on the picture presented in Fig. 6.5. This is not a physical model,
but rather treats the absorbing region as an opaque disk that expands with a velocity
that depends on the local intensity. This model was implemented in MATLAB in a
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method similar to Huygen’s wavelets. At each time step, the size of the absorbing
region and the fraction of the beam blocked can be evaluated.
In the simulation, firstly use x and y coordinates matrix to define the sample
size which is larger than the beam waist. And define the beam spot with Gaussian
distributed intensity based on the x and y coordinates. With an input reference pulse,
we are able to know the local intensity at any position within the beam and any time
during the pulse. By defining the relation between the velocity and intensity based
on Eq. (6.3), we can obtain the velocity at any position and any time.

6.3
6.3.1

Experimental results and simulations
Transmission attenuation

Small beam spot and high intensity From the observations shown above, we
know the transmission drop in small beam test is mainly determined by the beam
center intensity at the on-set time. Figure 6.9 includes two damage events, which occurs around the same onset time but different initiation position. The initial intensity
at the beam center and initiation position for this two events are listed in Table. 6.1.
The transmission curve is essentially the same for different initiation location damage
events when their onset time is about the same.
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Figure 6.9: (a) STEREO-LID transmission data for the two separate damage tests
that occurred at nearly the same time during the pulse. The change in transmission
that happens after damage is nearly identical in both cases. (b) Illustration of where
the two events initiated within the beam profile. The local intensity at the initiation
differed by a factor of ten (see Table ??.

Two tests have essentially
Intensity at beam center
the same transmission dropping
(GW/cm2 )
Test 1
100
Test 2
110

Intensity at initiation
(GW/cm2 )
9
90

Table 6.1: Intensity results of two tests with different initiation positions but almost
the same time dependent transmission change.

Therefore, we conclude that the expansion of the plasma does not much depend
on the initial micro-explosion. Instead the drop in transmitted intensity depends
on the overall intensity of the beam at the time of initiation. This is understandable
considering that the absorbing area covers the whole beam a few hundred picoseconds
after initiation.
Simulations of these two damage events are shown as Figure 6.10. As discussed
previously, the expanding velocity depends on the local intensity with the relation
shown in Eq. (6.3).
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Figure 6.10: Comparison of experimental and simulated transmission curves for the
events shown in Fig. 6.9. The simulation agrees with the experimental observation
that the transmission drop does not depend on where in the beam profile the damage
was initiated.

Figure 6.11 shows the transmission as function of time for different initiation times
td . It compares the simulation and measured results for the representative events of
30 nm HfO2 film tested with small beam spot (w0 = 22 µm, and peak intensity equal
to 100 GW/cm2 ). The red curves, which agree with the experiment, were generated
from the simulation described in section 6.2.3. In the simulations, the expansion
velocity was calculated using Eq. (6.3) with the parameters v ∗ =15 km/s and β=3.2.
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Figure 6.11: Representative STEREO-LID transmission measurements (in black) for
a 30 nm HfO2 film that occur at different times during the pulse. The damage events
in (a) occurred within 5 µm of the beam center, while the set in (b) occurred at least
15 µm away from the beam center. The red lines are simulations using the expanding
absorption region model described in section 6.2.3.

For 130 nm HfO2 film, the transmission has similar experimental and simulation
results. We show more observations of 130 nm HfO2 film about the cut-off time and
the derivative of transmission drop and simulations in Appendix G.

Larger beam spot and low intensity Large beam spot size with low intensity
is used for the damage tests. The beam waist w0 is about 130 µm and the peak
intensity is about 8.5 GW/cm2 . Figure 6.12 is one example of transmission curve in
large spot test. Since the beam spot is large and the intensity is low, the modification
of material starting from initiation position does not block the whole beam during
the pulse. As a result, while the transmission curve pulse from reference pulse, it
does so slowly and does not go to zero. The difference between transmission and
reference pulses (shaded in Fig. 6.12) can be used to calculate the energy blocked
during the pulse. In the discussion next section, we will see a clear relation between
this “blocked energy” and the resultant crater area.
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Figure 6.12: Example STEREO-LID transmission pulse (red) for a damage test with
large beam spot (w0 ≈130µm) and low peak intensity (8.5 GW/cm2 ). The transmission diverges slowly from the reference near the peak of the pulse, but does not go to
zero as in the small beam tests. The shaded region illustrates the “blocked energy”,
the portion of the pulse blocked following the damage event.

Figure 6.13 shows the same transmission pulse as in Fig. 6.12 along with a simulation (blue curve). The relation between the expanding velocity and intensity is
based on Eq. (6.3). The parameters’ value were set the same as what were set in
small beam spot simulation, Fig. 6.11.

Figure 6.13: The same STEREO-LID transmission data from Fig. 6.12 with a simulated curve (see text for description).
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6.3.2

Relationship between the expanding absorption and
crater morphology

In the tests with small beam spot (w0 ≈ 22µm), the crater size is always larger
than the beam spot size. See detail crater morphology in Appendix G. This is the
absorption region expands rapidly to cover the entire beam during the pulse.
In order to have better understanding of the relationship between the absorbing
region and the resultant crater, we perform the STEREO-LID tests with large beam
(w0 ≈ 130µm) and low intensity (about 8.5 GW/cm2 ). In Fig. 6.12, it was shown
that the transmission was not completely blocked during the pulse. In this section,
the model of expanding absorption is applied to observations of the resultant crater
morphology made by microscopy.

Asymmtrical crater shape Figure 6.14 is the microscope (Nomarski mode) image
of craters of one damage event. Three separated craters were formed in this damage
event. which means this damage is multiple defect initiated damage. The minicraters shown in (b) represent the initiation position for each crater. The position
of mini-craters correlate with the in-situ microscope image identification of initiation
positions.
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Figure 6.14: Observations of crater morphology in a Nomarski microscope image of
damage event. (a) An overall image of the three craters generated in the event. The
beam area is shown roughly by the dashed ellipse. The initiation positions of the
three craters are shown in (b). The asymmetry of the craters is illustrated by the
arrows the originate from the initiation points and point towards and away from the
beam center to the crater edge. Note that in all cases the arrow towards the beam
center is always larger than the arrow away from the center. (c) Finally, a faint line
appears between the two largest craters.
The three crater were initiated from initiation position and expand towards the
beam center, as shown in Fig. 6.14 (a). The crater shape is apparently asymmetric to
the initiation position. The distance between the initiation point to the edge of the
crater is greater towards the center of the beam than away from it. This asymmetry
is unlike the observation by Lamaigner et al. [77, 78, 79] who found that the crater
was asymmetric when the beam was tilted and that the crater grew preferentially in
the direction of the laser beam. However, they used a much large beam (1 mm) and
consequently the intensity was nearly uniform over the area of the crater. In our case,
the local intensity change significantly over the area of the crater and the asymmetry
is another indication that the crater growth depends on the local intensity. Another
important observation is the faint line observed between the two craters, shown in
Fig. 6.14 (c). This is evidence of a shock wave that travel in the film after the plasma
expansion has ended.
Figure 6.15 is one example of two defect-initiated craters in one large beam damage
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event. The craters have asymmetric shape relative to their initiation position and
grow towards the beam center. There are a faint line observed between the two
craters, shown in the Fig 6.15.

Figure 6.15: (a) Nomarski image of two craters formed during a single damage event.
The red dashed lines are the final sizes of the absorption regions predicted by simulation. (b) Close up images of the initiation mini-craters. (c) A close up image of the
faint line of material modification that appears between the two craters.

As shown in Fig. 6.14, 6.15 and 6.8, the craters in large beam spot have asymmetric
shape relative to the initiation position and towards the beam center. Another feature
is shown in Fig. 6.8, the outer and inner structures in the crater, indicating that
different physics processes involved to form this two structures. We believe the inner
structure is created during the laser pulse.
In the simulation, we can get the shape and size of the expanding absorption
region. When we compare the shape of this region in the simulation with the damaged
crater shape from experiments, we find the simulation with only Eq (6.3) does not
agree well with the craters’ asymmetric. Figure 6.16 compares the asymmetry of
(a) the crater and (b) the simulation with only power law of intensity (v(km/s) =
5.5 × I 0.5 (GW/cm2 )). If we use the ratio of the distances from initiation position to
the edge (as shown in Fig 6.16 (b) a/b ) to compare the asymmetry quantitatively,
the ratio of the lengths in the crater is about 0.3 while the ratio in the simulated
absorption region is about 0.6.
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Figure 6.16: (a) Nomarski image and (b) transmission simulation of a single-initiation
damage event. In the Nomarski image, the crater appears to the left of the beam
center and is asymmetric with respect to the initiation point with a ratio of 0.3. The
absorbing region appears as a blue ellipse on the left side of the simulation. The
predicted ratio is 0.6.

One possible reason for this disagreement between observation and simulation
is that Eq (6.3) does not have an intensity threshold. In reality there might be a
minimum required intensity to sustain the detonation propagation. We can modify
our expanding absorption model by including a critical intensity below which the
absorption no longer expands. For our current model, setting the critical intensity
Icri =0.8 GW/cm2 can make the shape of final expanding region agree with the crater
asymmetric. The expanding velocity at such intensity is about 3.5 km/s based on
Eq. (6.3).
Figure 6.17 and 6.18 are two examples, showing that the asymmetric crater shape
relative to the initiation position and the simulation agrees well with crater inner
structure.
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Figure 6.17: The same Nomarski image of crater shown in Fig. 6.16(a). The red
dashed circle represents the outline of the final absorbing region from a simulation
that includes a threshold intensity for expansion. The final expanding region in the
simulation coincides with the inner structure of crater.

Figure 6.18: Another Nomarski image of a crater with the outline of a simulated
absorption region shown by a dashed red line. The simulation agrees well with the
inner structure and falls short of the outer perimeter of the crater.

Material modification out of craters Between the two craters, there is a faint
line which is the material permanent modification, shown in the Fig. 6.15 and 6.14
(c). This modification of material can be explained by the propagating shock in the
film after the crater stop growing. When the two shocks collide, the high pressure
and temperature will permanently change the material structure.
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Relation between crater area and blocked energy By comparing the transmitted and incident (reference) pulse we can determine the amount of blocked energy
for each event, as explained in Fig. 6.12. From the simulation we can also compare
the area of the final expanding region and blocked energy. Figure 6.19 shows the
relation between the crater area and the blocked energy. The inner area corresponds
to an ablated crater while the region between inner and outer boundary is re-solidified
material. The simulated results have a good agreement with experimental results.

Figure 6.19: Area of crater outer and inner structure as a function of the blocked
energy. The black squares and red circles are from measurements of the outer and
inner structures, respectively. The solid red circle data points are from single initiation
damage events, while the open red circles are from multiple initiations damage events.
The simulations (green lines and triangles) are performed with the relation of Eq. (6.3)
and critical intensity Icri = 0.8 GW/cm2 . The green lines are simulated with single
initiation while green data points are two initiations simulation. The simulations
agree well with the inner structure of the craters.
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Chapter 7
Summary and outlook
The study of laser-induced damage is important for the development of optical components in high-power laser devices and applications. The work presented in this
dissertation focuses on the development and applications of a new technique for
nanosecond laser-induced damage (LID) in optical films and surfaces, dubbed SpatioTEmporally REsolved Optical Laser-Induced Damage (STEREO-LID). We demonstrated STEREO-LID as an efficient tool for the measurement and characterization
of defect-initiated catastrophic failure and investigated the underlying fundamental
aspects.
The technique measures the initiation time during the laser pulse and the location
of damage initiation within the laser spot. Transmission, scatter and reflection are
detected by a fast photodiode to identify the onset of breakdown. In-situ microscopy
is used to monitor the illuminated sample area. The incident nanosecond laser pulse
serves as illumination. Defect initiated LID starts with a “microexplosion” at the
defect site producing a jet of material that is imaged.
The new technique was compared to the traditional damage tests (TDTs) and
several advantages became obvious. (i) Stereo-LID can reproduce the results from
TDTs with greater accuracy using the same number n of test sites, or produce com-
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parable results with only

√

n test sites. (ii) Because each test site produces one value

for the LID fluence (or intensity) defects with low damage fluences can be identified.
This is of great practical importance because the defects with the lowest fluences
control the actual performance limits of the optical component. (iii) STEREO-LID
provides much more information than the TDTs. From the measured data one can
retrieve defect distributions (density of defects per fluence interval) without a-priori
assumptions about the defects. The mathematical foundations of the retrieval algorithm were derived in this work. Monte-Carlo simulations were used to verify the
analytical results and to compare the STEREO-LID technique to TDTs.
STEREO-LID tests are also possible for multiple pulse damage (S-on-1), even
though the measurements in this dissertation are all 1-on-1 tests.
For several thin films samples deposited with different techniques (ion-beam sputtering, e-beam evaporation and atomic layer deposition) STEREO-LID measurements
were performed and the defect densities retrieved. The results show clear differences
in total defect density, in the defect distribution function (vs damage fluence) and
the lowest damage fluences of the observed events. This indicates the potential of
STEREO-LID to help improve the damage-resistance of optics components and the
manufacturing process.
Time-resolved transmission measurements showed that the sample modification
spreads laterally after the microexplosion with speeds exceeding the speed of sound.
We applied a modified detonation wave model to relate the speed of the expanding
excitation front to the local, incident laser intensity. A simple model of an opaque
disk expanding with this speed explains our main observations such as crater size and
morphology, and the time-dependent transmission well.
Future work should include the demonstration of STEREO-LID for reflecting samples such as mirrors, which requires a modified excitation and imaging geometry. The
determination of defect densities from one and the same sample using STEREO-LID
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with different incident fluences will provide a possibility to explore the physics of
damage initiation. For example, it may be possible to distinguish defects for which
the pulse fluence or intensity is critical. This would be an indication of different
physical mechanisms involved. It is also of interest to combine STEREO-LID tests
with non-destructive inspection methods, such as thermal microscopy or nonlinear
microscopy.
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Appendix A
Damage test in vacuum
In this appendix, we describe the experimental setup and results of damage tests in
vacuum in comparison with tests in air. Two experimental conditions are included
- (1) incident laser light normal to the sample surface with transmission detection
and (2) incident laser light tilted to the sample surface with in-situ microscope. Due
to the geometry limitation of the vacuum chamber, the transmission detection and
in-situ microscope were not set up at the same time.

A.1

Test with transmission detection

Differences of crater morphology and transmission signal of damage on thin films
in vacuum was investigated. The experiments were carried out using the Nd:YAG
pulsed laser system, as described in Section 3.2.1. Figure A.1 shows the experimental
setup for laser damage test in vacuum with incident light normal to the sample surface.

139

ChapterA. Damage test in vacuum

Figure A.1: Schematic diagram of the experimental setup for damage test in vacuum
with vertical incident light. Transmission and scatter information can be obtained in
the damage tests.

Figure A.2 (a) shows the transmission results of the damage in air and vacuum.
Figure A.2 (b) quantifies the transmission cut-off time for air and vacuum.

Figure A.2: Transmission of damage events in air and vacuum. (a) Comparison of
the transmission in air and vacuum with other conditions the same. (b) Comparison
of transmission change in air and vacuum. Cut-off time in (b) represents the time for
the transmission (transmitted pulse divided by the reference pulse) to drop from 0.9
to 0.3. I(0, 0, t0 ) is the intensity at the beam center when damage is initiated.

Figure A.3 shows the scatter signal of damage in air and vacuum. In air, the
scatter signal has a spike signal and still signal following the spike. In comparison
with the tests in air and vacuum, the amplitude of the spike is similar while the
duration of the spike is different.
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Figure A.3: Comparison of scatter signal of damage in air and vacuum.

Figure A.4 is one example of crater from damage in vacuum. The images are
obtained with different microscopy modes, Nomarski, dark field (DF) and bright field
(BF). In Fig. A.4 (a), the different structures in the crater are marked with A, B, C
and D.

Figure A.4: (a) Nomarski, (b) dark field (DF) and (c) bright field (BF) images of a
crater on a hafnia film in vacuum. The red dashed circle represents the size of beam
waist. There are several different structures of crater in vacuum, marked in (a) as A,
B, C and D. A and B are regions in which films are ablated and in A region some
substrate is even ablated. In C region, material surface is rough. In D region, film
material is modified and the reflection is changed in (c).

Figure A.5 shows images of craters in air. The different structures in the crater
are marked with A, B and C, as shown in Fig. A.5 (b).

141

ChapterA. Damage test in vacuum

Figure A.5: Images of craters on a hafnia film in air. (a) Nomarski and small magnification, (b) Nomarski, (c) bright field (BF) and (d) dark field (DF). Red dashed
circle in (a) and (b) represent the size of beam waist. In (b) different structures are
marked with A, B and C. A is film ablated region, B is melt and condensed region
and C is scalding region.

A.2

Test with in-situ microscope images

Figure A.6 is the experimental set up including the in-situ microscope to image the
sample surface. Because of geometrical limits of vacuum chamber geometry, the
transmission diode was not set up in this test.
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Figure A.6: Schematic diagram of the experimental setup for damage test in vacuum
with tilted chamber.In-situ microscope image and scatter signal were obtained during
the damage tests.

Figure 3.25 (b) and 3.28 are the examples of the in-situ microscope images of
damage in vacuum. There is only one streak and no tail in vacuum. The magnitude
of the signal detected by the microscope in vacuum is about 100 times weaker than in
air. This is probably because in vacuum the jet of material from initiation has higher
ejection speed without ambient air.
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Appendix B
Modulation in in-situ microscope
image
As part of the in-situ microscope image features, the spatial modulation of the images
is shown in Fig. B.1. There is periodic modulation in the expanding part of the image.
When the magnification is changed, the period of the modulation also changed, while
the period on the image was the same, as shown in Fig. B.1 (a) and (b). But the
image of static object (crater) is not modulated spatially Fig. B.1 (c).

Figure B.1: (a)Microscope image of one damage event with magnification of about
7.8. The modulation in the tail shows period of about 30 µm. (b)Microscope image
of another damage event with magnification of about 15. The modulation has period of about 15 µm. (c)Microscope image of one crater with white light shows no
modulation.

This modulation phenomenon is probably caused by the diffraction of optical
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component aperture. Since it does not affect identification of the initiation location
within the beam in the STEREO-LID test, we are not going to discuss and interpret
it in details.
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In-situ microscope images with
vertical incident light
In chapter 3.2.4 and 3.4.2, we discussed other possible set-up geometries and corresponding images, which are suitable for tests of high reflection optics. Figure 3.14
shows the in-situ microscope with incident light normal to the sample, and the corresponding images are exemplified in Fig. 3.33. Fig. 3.33 shows the symmetrical
structure of two streaks, one of which is caused by the reflection from sample surface.
Figure C.1 are additional experiments indicating that left side streak is the result
of the reflection from sample surface. The laser light illuminates the edge of metal
plate like (a) and (d) shown. We used the in-situ microscope in Fig. 3.14 to image
the beam spot with low and high pulse energy. Note that the microscope is tilted on
the left side relative to (a) and (d). In (c) and (f), the left side streak disappear since
there is no reflection from the left side.
To have a better understanding of the in-situ microscope, Fig. C.2 shows the image
of a copper wire with diameter of about 85 µm. Note that since the copper wire was
placed on the metal plate by hand, the wire is not perfectly normal to the metal
surface and there is a small gap (round corner) at the bottom of wire. Figure C.3 are
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Figure C.1: In-situ microscope images of damage on edge of metal plate. (a) shows
the case that the laser pulse illuminating on one edge of the metal plate, the right
side of which is the air. (b) shows the opposite condition that on the left side of
the metal edge is the air. As shown in Fig. 3.14,the microscope is tilted on the left
side relative to (a) and (d). (b) is the microscope image of beam spot with low pulse
energy that no damage occurs, while (c) is the image of the same position with high
pulse energy that damage happened that has two symmetrical (not proved) streaks.
(e) and (f) are the images of condition (d). The left side streak disappear in (f).The
yellow dashed lines represent the edge of metal.

147

ChapterC. In-situ microscope images with vertical incident light
the images of the wire middle part and tip.

Figure C.2: Diagram of set-up to use in-situ microscope to image the copper wire
(diameter is about 85 µm) illuminating with white light (LED light). The internal
structure of in-situ microscope is the same as shown in Fig. 3.14. The dashed circle
at the bottom of wire shows the zoomed-in picture of the wire on the metal plate.

Figure C.3: Images of wire with set up shown in Fig. C.2. (a) is the image of middle
part of the wire, in which the image has a clear region due to the depth of field of
microscope. (b) is the image of the tip of the wire.

From the above figures, the microscope image in this geometry is clear in a range
of about 100 µm. Figure C.4 shows the in-situ microscope images of the copper wire
with white light illuminating from the side instead of vertically.
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Figure C.4: Images of wire with white light illuminating from side. (a) is the image
at the bottom of the wire. (b) is the image of the middle part of the wire.
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Appendix D
Debris contamination of damage
D.1

Debris spreads out of crater

In the LID test, the distance between sites is about 1.5 mm to avoid cross contamination due to the deposition of ablation debris. Figure D.1 is a DF image of crater
showing the contamination outside of a crater, in which bright dots represent the
ablation debris from the damage site.

Figure D.1: Contamination outside of a crater in a typical damage. The bright circle
in the middle is the crater and the bright dots are the debris

Figure D.2 shows two typical debris observed. There is a small amount of large
size debris distributed further away (normally larger than 0.4 mm) from the damage
site. There is another type of debris with smaller size but larger quantity distributed
closer to the damage site.
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Figure D.2: Nomarski images of two types of debris. (a) is large size debris and (b)
is small size debris which distribute close to the crater.

These debris normally produce a low damage threshold. The damage threshold
measured closer to craters is much lower than the damage threshold measured in the
clean region. Thus in the LID test, enough spacing is needed to avoid contamination
due to the debris.

D.2

Defect-initiated damage

Figure D.3 shows one example of the damage on debris purposely, which also indicates
that STEREO-LID is able to locate the initiation position within the beam spot.
Some related observations are listed here:
• Mini-craters are supposed to be the initiation position in the damage, which is
caused by the micro-explosion in the beginning. Figure 3.27 and 3.30.
• Corresponding in-situ images have the same relative position, especially in examples of damage in vacuum or with large beam, as shown in Fig. 3.28.
• Damage on debris. Identify the debris position and then damage on debris. The
damage normally initiate from one of the debris. Figure D.3.
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Figure D.3 (a) shows the debris imaged by low incident light without damage
and the debris marked located within the beam spot. (b) is the microscope image
observed in STEREO-LID test. The detected initiation position correlates with the
debris position in (a) and the mini-crater position in (c).

Figure D.3: Damage test on debris. (a) shows the surface scattering before damage
test on this site, in which the white dots are debris on the films. (b) is the STEREOLID in-situ microscope image of damage on this site. The dashed circle and red
dot represents the beam position and initiation position, respectively. The initiation
position found in the test is the same with the debris position in (a) marked with
arraw. (c) is Nomarski image of the final crater of this damage test site.
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Standing wave in thin films
Within the thin film, the electric field or light intensity is not constant. For an optical
thin film, there is certain intensity distribution pattern as a function of depth into
the film, caused by the interference between forward light and backward propagating
light.
Figure E.1 is one example of standing wave in a film of thickness 100 nm and
216 nm. The intensity in the film has a function with the distance from the film-air
interface to the film-substrate interface and always has the maximum value at the
film-substrate interface.
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Figure E.1: Standing wave in the 100 nm and 216 nm film. x axis is the distance to
the interface of air and film and y axis is the ratio of the intensity in the film to the
incident intensity.

Since the effect of varying intensity in the film, the same type of defect may
be associated with different damage threshold by STEREO-LID test, depending on
where the defect located relative to the intensity distribution, as shown in Fig. E.1.
STEREO-LID is not able to resolve the defect position in the normal direction. In
the results shown in this dissertation, we analyzed the results with ignoring this
standing wave effect on used films thin enough so that the intensity modulation
could be neglected. To be more comprehensive, the probability curve P (Fi ) from
STEREO-LID test needs deconvolution first and then can be analyzed as what we
already discussed. The spread function (one certain defect is detected with a range
of threshold) used in deconvolution depends on the thickness of the film.
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Probability of intrinsic damage
The (total) probability that damage of a defect is detected, Pi,T as shown in Eq. (5.37),
the probability of damage Pd,T can be expressed as

Pd,T =

M
−1 MX
−i−1
X
i=1

Ai,n .

(F.1)

n=0

where

Ai,n =
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ρi Y
Fj
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−
.
F
ρ
F
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T,i+n
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j=1
j=1

(F.2)

Consider Ai,n as an element of a (M − 1) × (M − 1) matrix given by Eq. (F.2) for
1 ≤ i ≤ (M − 1) and 0 ≤ n ≤ (M − i − i), and 0 otherwise (that is, for the elements
below the main diagonal). Equation (F.1) is thus the sum of all matrix elements. For
convenience, we can sum first along diagonals and then sum over all (M-1) diagonals

Pi,T =

M
−1 X
m
X

Aq,m−q .

(F.3)

m=1 q=1
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where

Aq,m−q

sρq
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are the matrix elements of diagonal m. Note, the diagonal with m = 1 contains only
element A1,0 . It is easy to show that an adjacent (down the diagonal) matrix element
is generated by

Aq+1,m−q−1 =

ρq+1
Aq,m−q .
ρq

(F.5)

The sum over all elements of diagonal m thus becomes
m
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Summing over all diagonals yields
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where we used Eq. (F.4) with q = m for matrix element Am,0 . A comparison with
Eqs. (5.38) and (5.39) confirms the relationship PM,T + Pd,T = 1.
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Transmission behaviors and
morphology of crater
Since the damage events in Fig. 6.3 are observed with the same incident fluence,
we used different incident fluence ranging from about 400 to 1300 J/cm2 to test an
131 nm scandia thin film. Figure G.1 shows the measured cut-off time of damage
events performed with different incident fluence, indicating that the transmission
drops faster at higher intensities.
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Figure G.1: Cut-off time (90 % to 20 %) of transmission curves measured with different incident fluence. The cut-off time decreases with the intensity I(0, 0, t0 ) increasing,
even though different incident fluences are compared.

Since the temporal resolution of detection system is about 200ps and data temporal spacing is 50ps, the cut-off time may have large uncertainty for damages with
high intensity. In order to have comprehensive view of the transmission behavior, we
measure the derivative dT /dt of transmission by fitting a line on the central part of
T(t). Figure G.2 shows the result of 30 nm hafnia thin film.

Figure G.2: (a) indicates the derivative (dT /dt, or change rate) of transmission dropping increases with the intensity increasing. (b) shows that the derivative of transmission follows the profile of the pulse.
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Transmission behavior for films of different thickness Figures G.3 are the
transmission curves in the tests of 130 nm HfO2 thin film. The transmission drop is
similar with thinner film. Figure G.4 compare transmission drop derivative of 30 nm
and 130 nm HfO2 films.

Figure G.3: Transmission curves in the STEREO-LID tests of 130 nm HfO2 thin film
(all the damage events shown). (a) is the detected original transmitted pulses, each
of which represents one damage event. The peak intensity is about 250 GW/cm2 . (b)
are transmission obtained from transmitted pulses devided by reference pulse.

Figure G.4: Comparison of the derivative of transmission of 30 nm and 130 nm hafnia
films. The blue square data points are from 130 nm hafnia tests, overlapping with
30 nm hafnia tests. Since the peak intensity of 130 nm hafnia is larger, the derivative
keep increasing with the intensity until it reach the detection temporal resolution.
The resolution of detection system is about 200 ps, which means the limit of the
derivative is about 4.
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Figure G.5: Transmission as a function of time for representative events of 130 nm
HfO2 film. In 130 nm HfO2 film, the initiation defect is (a) within 5 µm and (b)
> 15 µm from the beam center. Black curves are from measurement while the red
curves are from simulation of expanding process. The expanding velocity depends on
the local intensity in this simulation, with the relation of Eq. (6.3).

Transient transmission in vacuum Figure G.6 are the transmission curves measured from damage tests in vacuum. The experiments details are described in Appendix A. The transmission dropping in vacuum is essentially the same with in air,
with assumption that the transmission’s derivative in vacuum also does not depend on
initiation position, like in air. This observation means the transmission drop is mainly
caused by the modification of thin film or material, not in the air. Since the limited
number of tested sites, more tests are needed to draw more accurate conclusion.
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Figure G.6: Transmission curves of damage events in vacuum, comparing with ones
in air (other conditions are the same). (a) shows the transmission curves in air and
vacuum are essentially the same (not including the spatial information). (b) shows
more damage events in air and vacuum.

Transcient transmission in bulk substrates Figure G.7 is the transmission
curves of damage events on bulk substrate (fused silica). The transmission curves in
substrate have similar behavior with in thin films.

Figure G.7: Transmission curves in the STEREO-LID tests on bulk substrate (representative examples seleted). (a) is the detected original transmitted pulses, each of
which represents one damage event. The peak intensity is about 160 GW/cm2 . (b)
Transmission curves obtained from transmitted pulses devided by reference pulse.

Crater morphology Figure G.8 is the Nomarski image of one crater damaged on
30 nm HfO2 film, showing several different structures. Figure G.9 is the corresponding
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profilometer scanning, in which the x axis is relative position along vertical direction
of the crater shown in Fig. G.8. In the scanning, the position below about -30 nm
represent the substrate is ablated.

Figure G.8: Nomarski image of crater tested on 30 nm hafnia thin film with small
beam spot (beam waist w0 ≈22µm). The red dashed ellipse represents the beam
location. There are three regions in the crater. At the beam location, the film and
part of substrate are abladed. The middle part is film ablated region and the outer
part is the film melt and filed up region.

Figure G.9: Profilometer scanning of the crater shown in Fig. G.8 along the vertical
direction relative the crater. The horizantal dashed line at about -30 nm height
represents the interface of the thin film and the substrate. Corresponding to the
crater image, there are also three structures in the scan profile. A is the region where
the film and part of substrate are abladed. B is the region where the film (part of
the film) is abladed. C is the region the material is piled up.

Figure G.10 is the Nomarski image of one crater damaged on 130 nm Sc2 O3 film,
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also showing several different structures. Figure G.11 is the corresponding profilometer scanning, in which the x axis is relative position along vertical direction of the
crater shown in Fig. G.10.

Figure G.10: Nomarski image of crater tested on 130 nm Scandia thin film with small
beam spot (beam waist w0 ≈22µm). The red dashed ellipse represents the beam
location. There are three regions in the crater. At the beam location, the film and
part of substrate are abladed. Different from 30 nm film, the middle part is film melt
or partially abladed region and the outer part is the fractured film region.

Figure G.11: Profilometer scan of scandia crater along vertical direction relative Fig.
G.10. Since the scan did not go throught the beam locaiton, the crater’s feature at
beam location is not shown in this scan. The dashed line represents the interface of
film and substrate. Corresponding to Fig. G.10, the region B is melt or partially
abladed region, and the region C is fractured film region.

Figure G.12 show the Nomarski images of craters damaged on substrate.
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Figure G.12: Nomarski images of craters damaged in substrate with small beam spot
(w0 ≈22µm). (a) is a damage event that has a shallow crater. (b) is a damage event
which has radiate cracks. (c) and (d) is the damaged crater which has visible depth
of crater. The focal plane difference of (c) and (d) is about 9 µm.
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